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The genus Seriola includes several important commercial fish species, yet the phylogenetic 
relationships between species have not been fully investigated to date. This study reports the first 
molecular phylogeny for this genus based on two mitochondrial (Cytb and COI) and two nuclear 
gene (RAG1 and Rhod) fragments for all extant Seriola species (nine species, n = 27). The 
phylogenetic patterns resolved three main lineages: a ((S. fasciata and S. peruana), S. carpenteri) 
clade, a (S. dumerili and S. rivoliana) clade and a (S. lalandi and S. quinqueradiata) clade. The 
closure of the Tethys Sea (12 - 20 MYA) coincides with divergence of the ((S. fasciata and S. 
peruana), S. carpenteri) clade from the rest of the Seriola species; while the uplifting of the 
Isthmus of Panama (± 3 MYA) played an important role in speciation between S. fasciata and S. 
peruana. The climate and water temperature fluctuation in the Pliocene played important roles 
during the divergence of the remainder of the Seriola species. 
 
This study is also the first to describe the evolutionary history of the commercially important 
species Seriola lalandi across its distribution range. Global patterns of genetic variation within S. 
lalandi (n = 190) were examined using three genes fragments (mitochondrial DNA COI, Cytb 
and nuclear RAG1). Three distinct clades were identified, corresponding to three different 
geographic regions (North-western Pacific - Japan, North-eastern Pacific - USA, and the 
southern hemisphere clade). These groupings correspond with the previously identified 
subspecies of S. lalandi (North-western Pacific – S. lalandi aureovittata, North-eastern Pacific – 
S. lalandi dorsalis, and the southern hemisphere clade - S. lalandi lalandi). AMOVA results and 
pairwise FST values revealed significant population differentiation between these groups. The 
population subdivision between these clades in all probability is maintained by biogeographic or 
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oceanographic barriers (such as the equator and East Pacific Barrier) that disrupt gene flow. The 
southern hemisphere clade comprised of samples from the southern Pacific (AUS, NZL and 
Chile) and the southern Atlantic (SA). No haplotypes were shared between these areas in the 
southern hemisphere.  
 
This southern hemisphere clade was further investigated with six microsatellite markers. The 
analyses revealed the South African populations as genetically distinct from populations of the 
South Pacific oceans (AMOVA, FCA and STRUCTURE results). In summary, the South 
African and southern Pacific grouping could be the result of recent vicariant events during the 
Pleistocene glacial / interglacial periods and / or contemporary oceanographic forces acting on 
these populations. Further population differentiation was found within the South African 
samples, but not in the South Pacific. In the southern Pacific clade this lack of population 
structure is the result of high gene flow (analysed with MIGRATE) between the sampling 
localities. 
 
This is the first report on the genetic structure of this commercial important species for South 
African populations. Five sampling localities from the west- to the east coast of South Africa 
were sampled (n = 201). The microsatellite analyses revealed two potentially genetically distinct 
groups. AMOVA, FST and FCA results suggest small but significant differentiation between 
populations from the west coast and from the south- and east coast, suggesting a potential genetic 
break in the Cape Point region (BARRIER). However, the program STRUCTURE showed a 
high level of admixture along the South African coast and the migration results (MIGRATE and 
BAYESASS) also suggest a high degree of gene flow between these regions.   




Die genus Seriola bevat verskeie kommersieel belangrike vis spesies, tog is filogenietiese 
verwantskap tussen species is nog nie ten volle bestudeer nie. Hierdie studie is die eeste 
molekulêre filogenietiese studie vir die genus gebaseer op twee mitochondriale DNA (Cytb en 
COI) en twee nukleêre DNA fragmente (RAG1 en Rhod) vir al die bestaande Seriola spesies 
(nege spesies, n = 27). Drie beranglike filogenitiese patrone is geïdentifiseer: ‘n ((S. fasciata en 
S. peruana), S. carpenteri) groep, ‘n (S. dumerili en S. rivoliana) groep en ‘n (S. lalandi en S. 
quinqueradiata) groep. Die diversifikasie van die ((S. fasciata en S. peruana), S. carpenteri) 
groep van die ander Seriola spesies stem oor een met die sluiting van die Tethys See (12 - 20 
MYA). Terwyl die opligging van die Isthmus van Panama (± 3 MYA) ‘n belangrike rol gespeel 
het in die spesiasie tussen S. fasciata en S. Peruana. Die veranderlike klimaat toestande en water 
temperature tydens die Pliocene help met die diversifikasie van die res van die Seriola spesies. 
 
Hierdie studie is die eerste om verslag te doen op die evolusionêre geskiedenes van kommersiele 
belangrike vis spesies Seriola lalandi oor sy hele verspreidings gebied. Die globale patrone van 
genetiese variasie binne S. lalandi (n = 190) is ondersoek deur gebruik te maak van 
mitokondriale (Cytb en COI) en nukleêre (RAG1) DNA volgorde data. Drie groepe geassosieer 
met geografie is geïdentifiseer (Noord-westelike Stille Oseaan - Japan, Noord-oostelike Stille 
Oseaan - FSA en die suidelike hemisfeer groep). Hierdie groepeerings stem oor een met 
voorheen geïdentifiseerde subspesies van S. lalandi (Noord-westelike Stille Oseaan - S. lalandi 
aureovittata, Noord-oostelike Stille Oseaan - S. lalandi dorsalis en die suidelike hemisfeer groep 
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- S. lalandi lalandi). AMOVA en FST resultate bevestig die hoë graad van genetiese struktuur 
tussen groepe. Hierdie populasie groepeerings is moonlik die oorsaak van - en onderhou deur 
giogeografiese and oseaanografiese grense (soos the ewenaar en EPB) wat geen vloei ontwrig. 
Die suidelike hemisfeer groep kan verder verdeel word in ‘n suidelike Stille Oseaan (AUS, NZL 
en Chile) groep en ‘n suidelike Atlantiese groep (SA). Geen haplotiepes word gedeel deur 
hierdie twee groepe. Hiedie suidelike hemisfeer groep was verder ondersoek met ses 
mikrosatelliet merkers. Die analises bevestig dat die Suid Afrikaanse populasies geneties 
verskillend is van die suidelike Stille Oseaan groep (AMOVA, FCA and STRUCTURE). 
Verdere genetiese struktuur kan verkry word binne die Suid Afrikaanse monsters, maar nie in die 
suidelike Stille Oseaan nie. In die suidelike Stille Oseaan hiere gebrek aan populasie struktuur is 
as gevolg van die hoë geen vloei (MIGRATE) tussen die lokaliteite. 
 
Hierdie is ook die eerste studie oor die genetiese structure van S. lalandi vir Suid Afrikaanse 
populasies. Monsters (n = 201) was geneem by vyf lokaliteite vanaf wes tot oos kus van Suid 
Afrika. Die mikrosatelliet analises dui op twee moontlike genetiese groepe. AMOVA, FST en 
FCA dui ‘n klein maar betekenisvolle differensiasie tussen populasies van die wes kus en die van 
die suid en oos kus. Dit dui aan op moontlike breek in die Kaap Punt omgewing (BARRIER). 
STRUCTURE analises toon egter ‘n bymengsel van twee groepe langs die Suid Afrikaanse kus 
en migrasie resultate (MIGRATE en BAYESASS) toon ook ‘n hoë graad van gene vloei tussen 
hierdie gebiede. 
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Chapter 1: Introduction 
 
1.1 Population differentiation in the marine environment 
The marine environment is known for its species richness and endemism, with approximately 15 
000 marine fish species identified globally (OBIS; http://www.iobis.org; FishBase, 
http://www.fishbase.org). South Africa, with its high diversity of ecosystems, have at least 11 
000 marine animal species of which approximately 2 000 are fish species. Of these fish species 
13 - 16% are endemic (Heemstra and Heemstra, 2004). Understanding the forces that promote 
population differentiation and eventually speciation in marine organisms provides insight into 
this extent of marine biodiversity. The four main evolutionary forces shaping population 
differentiation are: migration, mutation, random genetic drift, and selection. Predominantly, 
population differentiation is interpreted as reduced gene flow (migration) among populations 
(Cowen and Sponaugle, 2009; Pelc et al., 2009). However, genetic differentiation may not 
always be the result of the absence of gene flow alone, but may be influenced by other 
evolutionary forces (mutation, genetic drift and selection) as well as the interaction between 
these phenomena over time. Furthermore, changes in effective population sizes and differences 
in divergence times among populations can also result in genetic differentiation (Hart and 
Marko, 2010; Marko and Hart, 2011).  
 
Typically, marine organisms are generally described to have high fecundities, extensive larval 
dispersal, high migratory capacities, large geographic ranges and large population and effective 
population sizes (Palumbi, 1994, 1997; Nielsen and Kenchington, 2001; Palumbi, 2004; Levin, 
2006), characteristics which all tend to limit genetic differentiation. Several studies have shown 
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limited genetic differentiation in marine species due to some of these properties such as; the 
dispersal capacity of pelagic (living near the surface of the coastal- and ocean waters) larvae 
(Levin, 2006; González-Wangüemert et al., 2010), through migratory adults (Stopar et al., 2010; 
Wu et al., 2010) and large effective population sizes (Theisen et al., 2008; Díaz-Jaimes et al., 
2010). Within South African coastal waters for instance, little population differentiation was 
found in some fish species with large dispersal potential of adults (spotted grunter, Pomadasys 
commersonnii; Klopper, 2005; dusky kob, Argyrosomus japonicas; Klopper, 2005; Cape 
stumpnose, Rhabdosargus holubi; Oosthuizen, 2007)]. This contrasts panmixia found in other 
South African coastal fish species including the red roman (Chrysoblephus laticeps; Teske et al., 
2010) and the banded goby (Caffrogobius caffer; Neethling et al., 2008) with low adult dispersal 
potential.   
 
An increasing number of studies suggest that the high dispersal potential of marine organisms 
(through larvae or adults) does not necessarily result in a lack of, or low levels of, population 
differentiation (Avise, 1998; Lundy et al., 2000; Hutchinson et al., 2001; Smith et al., 2002; 
Luttikhuizen et al., 2003; Chiang et al., 2008; Xu et al., 2009; Yue et al., 2009; Evans et al., 
2010). Significant genetic population differentiation has been found for a number of marine 
fishes including, Atlantic cod (Gadus morhua; Nielsen et al., 2003, 2005; Poulsen et al., 2006), 
Atlantic herring (Clupea harengus; Bekkevold et al., 2005), the striped gray mullet (Mugil 
cephalus; Livi et al., 2011), Pacific Sierra mackerel (Scomberomorus sierra; López et al., 2010), 
dolphinfish (Coryphaena hippurus; Díaz-Jaimes et al., 2010) and European flounder (Platichthys 
flesus; Hemmer-Hansen et al., 2007b). Such genetic differentiation found in species with high 
dispersal capabilities indicates that a combination of forces other than physical barriers must be 
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at work in limiting gene flow and thus promoting population differentiation and eventually 
speciation in the marine realm.  
 
1.1.1 Forces influencing population differentiation in marine species 
1.1.1.1 Isolation by distance  
Isolation by distance (IBD) is a pattern of migration where a positive correlation between genetic 
distance and geographical distance can be found, therefore the tendency for populations that are 
in geographic proximity to be more genetically similar than populations that are located further 
apart (Wright, 1943). Thus gene flow is high between neighbouring populations and lower 
between more distant ones, where the more remote populations are connected via a series of 
intermediate ‘stepping stones’. This pattern can clearly be observed in the genetic population 
structure of the eelpout (Zoarces viviparous; Kinitz et al., 2013) where populations are 
interconnected by step-wise migration among adjacent populations in the North Sea and the 
Baltic Sea.  
 
The dispersal ability of a species is an important factor influencing migration rate. Individuals 
with limited dispersal capabilities can only move small distances; thus promoting IBD. On the 
other hand, it is believed that in some marine species, individuals can travel vast distances, with 
gene flow occurring throughout their entire distribution range, thereby promoting panmixia 
(Theisen et al., 2008; Chow et al., 2009). Palumbi (2003) has, however, shown through the use 
of simulations that IBD occurs in species with continuous distributions, regardless of the 
population dispersal patterns and oceanographic conditions. For example, IBD was found along a 
continuous coastline of 1 600km in the western North Atlantic for Atlantic cod (Pogson, 2001) 
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and along ~ 1 700km in the North-eastern Pacific Ocean for Pacific cod (Gadus macrocephalus; 
Cunningham et al., 2009). Genetic differentiation due to IBD on a micro-geographic scale can be 
the result of limited dispersal due to a patchy distribution of suitable habitats (Riginos and 
Nachman, 2001) as has been found in Atlantic cod (Knutsen et al., 2003; Nielsen et al., 2003; 
Case et al., 2005; Nielsen et al., 2005) and European flounder (Hemmer-Hansen et al., 2007a). 
Although IBD plays an important role in the population structuring of  many marine species, the 
correlation between genetic distance and other factors such as temporal (Hendry and Day, 2005) 
or longitudinal and latitudinal distance has also recently been described. For example, in the 
European flounder genetic structure was influenced by isolation by latitude rather than by IBD 
(Hemmer-Hansen et al., 2007 b) and the population structure of the European eel (Anguilla 
anguilla) displayed significant isolation by time in yearly samples where gene flow was 
restricted because of differences in reproduction times between individuals (Maes et al., 2006). 
 
1.1.1.2 Behavioural philopatry 
Behavioural philopatry at specific stages in the life cycle of a species might also contribute to 
reducing gene flow and differences in population characteristics (Avise, 1998; Carvalho and 
Hauser, 1998). Philopatry is the tendency of an individual to return to, or stay in, a certain area, 
be it its home area, natal site, or another adopted locality (Mayr, 1963; Hueter et al., 2004). Two 
main patterns of philopatric behaviour are found: natal philopatry where individuals return to 
their natal nursery area and sex-specific philopatry, where one sex is more philopatric than the 
other. Several studies have found philopatry in marine organisms, including; Pacific bluefin tuna 
(Thunnus orientalis; Qiu et al., 2013), yellowfin tuna (Thunnus albacares; Qiu et al., 2013), 
sandbar sharks (Carcharhinus plumbeus; Portnoy et al., 2010), bull sharks (Carcharhinus leucas; 
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Tillett et al., 2012), blacktip reef sharks (Carcharhinus melanopterus; Mourier and Planes, 
2013), sea turtles (Meylan et al., 1990; Fitzsimmons et al., 1997), European harbour seals 
(Phoca vitulina vitulina; Goodman, 1998), North American beluga whales (Delphinapterus 
leucas; Gladden et al., 1999), and sperm whales (Physeter macrocephalus; Lyrholm et al., 
1999). Within the swordfish (Xiphias gladius) in the southwest Indian Ocean, for example, the 
population structure appeared to be sex-dependent with higher genetic differences among 
females than among males (Muths et al., 2009).  
 
1.1.1.3 Clinal variation 
Clinal variation is a gradual change in allele frequencies along a geographical or other 
environmental gradient (Storz, 2002). In oceans, clines can develop as the result of differential 
adaptation to conditions such as temperature, pH, salinity or depth (Koehn, 1969; Merritt, 1972; 
Koehn, 1980; Vasemägi,
 
2006), but it has also been suggested to result from stochastic processes 
acting upon fish populations (Kimura and Ohta, 1971). Secondary contact between two 
genetically distinct populations may also form clines (Barton and Hewitt, 1985; Durrett et al., 
2000). Regardless of how the clines form, the configuration of a cline usually results from the 
combined effect of spatially varying natural selection and gene flow, with the actual shape of a 
cline depending on a balance between these opposing forces (Maes and Volckaert, 2002). Clinal 
variation has been reported in several marine species (Koehn and Williams, 1978; Ropson et al., 
1990; Chan et al., 1997; Cimmaruta et al., 2005; Chlaida et al., 2009; Bester-van der Merwe et 
al., 2011; Hasselman et al., 2013). For example, in the blue mussel, Mytilus edulis, the leucine 
aminopeptidase (Lap) locus display an allelic frequency that was strongly correlated with water 
salinity (Koehn et al., 1980), while the Atlantic cod (Nielsen et al., 2003), the turbot 
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(Scophthalmus maximus; Nielsen et al., 2004), and the killifish (Fundulus heteroclitus; Adams et 
al., 2006) all show clinal variation on a latitudinal gradient. Both these factors can be found in 
European hake (Merluccius merluccius) where the genetic pattern exhibited a strong correlation 
with salinity and the depth from surface to 320 m under the surface (Cimmaruta et al., 2005).  
 
1.1.1.4 Genetic patchiness 
For several marine species that have planktonic larvae, little is known of the distance and 
directionality of larval dispersal. For many of these species low genetic structuring can be found 
in the adult populations, however when the recruits from the same locality are repeatedly 
sampled over time, the different cohorts may, in some instances, be genetically different. This 
pattern is called genetic patchiness (Hellberg et al., 2002). Several studies have shown that the 
temporal variation in the genetic composition of recruits result in such genetic heterogeneity 
(David et al., 1997; Li and Hedgecock, 1998; Planes and Lenfant, 2002; Gilbert-Horvath et al., 
2006; Pujolar et al., 2006; von der Heyden et al., 2007; Pujolar et al., 2011); indicating the 
importance of the population dynamics of pelagic larvae.  
 
Several explanations have been put forth to explain temporal variation observed in marine larval 
recruits. The most common observation involves the variation in reproductive success of adults 
and the survival success of larvae. Although broadcast-spawning marine organisms may produce 
millions of gametes, the likelihood of these being fertilised and surviving pelagic dispersal, are 
remote (Pepin, 1991). Thus, only a few adults may contribute to the population in a given season 
and this random variance among recruits or cohorts over time, leads to the genetic patchiness. 
This is called sweepstake reproduction and the spatial as well as temporal changes in 
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oceanographic conditions within and between seasons play an important role in the parental 
contributions (Hedgecock, 1994). Another explanation is that the genetic patchiness results from 
larvae originating from different source populations, such as formerly isolated regions, with 
variable genetic composition (Kordos and Burton, 1983; Hare and Avise, 1996; Ruzzante et al., 
1996; Larson and Julian, 1999). Genetic patchiness has been shown in marine invertebrates 
including limpets (Johnson and Black, 1982, 1984, 1998), urchins (Watts et al., 1990; Edmands 
et al., 1996; Moberg and Burton, 2000), soft coral (Burnett et al., 1994), bivalves (David et al., 
1997) and oysters (Li and Hedgecock, 1998). It has also been documented in marine fishes such 
as northern anchovy (Engraulis rnovdax; Hedgecock et al., 1994), shortbelly rockfish (Sebastes 
jordani; Larson and Julian, 1999), sea bream (Diplodus sargus; Planes and Lenfant, 2002) and 
European eel (Pujolar et al., 2006, 2011).  
 
1.1.1.5 Biogeographical barriers 
Biogeographical barriers can restrict gene flow, thus causing two neighbouring populations to 
become genetically distinct through stochastic processes; resulting in phylogeographical breaks. 
These breaks can result from contemporary physical barriers or historical events (Uthicke and 
Benzie, 2003).  
 
1.1.1.5.1 Contemporary physical barriers 
In the marine environment, contemporary barriers can influence species distributions by 
physically restricting gene flow (deep trenches and strong currents) or by limiting gene flow due 
to the distance between areas of suitable habitat such as the stretches of open ocean that divide 
the central and eastern Pacific (Robertson et al., 2004; Lessios and Robertson, 2006) and the 
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eastern and western Atlantic (Banford et al., 1999). Deep trenches and circular currents 
surrounding islands may act as a sufficient barrier to gene flow by limiting adult migration 
through the retention of early juvenile stages (Hansen and Østerhus, 2000). For example, the 
isolation between cod population from Iceland and those from Europe was probably caused by 
the deep water trenches between the islands and the European continent (Joensen et al., 2000; 
Roman and Palumbi, 2004; Hoarau et al., 2004).   
 
Along continuous coastlines, contemporary physical barriers include ocean currents, river 
outflow, upwelling systems, temperature gradients / fronts and habitat instability. For instance 
the freshwater plume of the Amazon-Orinoco outflow may prevent gene flow of marine 
organisms between the Caribbean and Brazil (Rocha et al., 2002; Lessios et al., 2003) and cold-
water upwelling off southwest Africa limits the dispersal of tropical and subtropical marine 
organisms from the Indian- to the Atlantic Ocean (Briggs, 1974; Rocha et al., 2005, 2007). 
 
These phylogeographic breaks, which can exist across a wide geographical range, are also often 
consistent with the regional oceanography and are often seen as biogeographic provinces of a 
given coastline (Longhurst, 1998; Waters and Roy, 2003; Teske et al., 2006; Zardi et al., 2007; 
Griffiths et al., 2010; Teske et al., 2011). In South Africa for example, four biogeographic 
provinces can be found along the coast: the tropical Delagoa Bioregion (extends southwards 
from Mozambique into KwaZulu-Natal); the subtropical Natal Bioregion (ranges from KwaZulu-
Natal to east of Algoa Bay), the warm-temperate Agulhas Bioregion off the south coast (from 
Algoa Bay to Cape Point) and the cold-temperate Namaqua Bioregion of the west coast (from 
Cape Point to the Namibian border; Griffiths et al., 2010; Fig 1.1). These provinces differ 
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significantly in their abiotic and biotic make-up, with the main areas of transition generally 
accepted as being near Cape Point and Cape Agulhas and just south of Port St Johns (on the Wild 
coast) (Fig. 1.1).  
 
 
Fig. 1.1: Map of South Africa showing the major bioregions, potential genetic barriers (transition zones), 
major current systems, and position of the continental shelf break. 
 
However, the pressures affecting the composition of these biogeographic provinces are dynamic, 
causing these regions to overlap. Furthermore, these barriers to gene flow have different effects 
on species along the southern Africa coastline (see von der Heyden et al., 2009; Teske et al., 
2011; von der Heyden et al., 2011). For example, no genetic structure was found for various line 
fish species (Cape stumpnose, Rhabdosargus holubi; Oosthuizen, 2007; Cape hake species, 
Merluccius capensis and M. paradoxus; von der Heyden et al., 2007; kingklip, Genypterus 
capensis; Grant and Leslie, 2005) and species with a longer larval cycles (Octopus vulgaris; 
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Oosthuizen et al., 2004; spiny lobster, Palinurus gilchristi; Tolley et al., 2005; west coast rock 
lobster, Jasus lalandi; Matthee et al., 2007). In contrast, the population structure in other species 
was found to be defined (bluntnose klipfish, Clinus cottoides; von der Heyden et al., 2008; 
abalone, Haliotis midae; Evans et al., 2004; Bester-van der Merwe et al., 2011; round herring, 
Gilchristella aestuaria; Norton, 2005; three crustacean species; Exosphaeroma hylecoetes, 
Upogebia africana, Iphinoe truncata; Teske et al., 2006).  
 
1.1.1.5.2 Paleo-oceanographic events 
Vicariance (i.e. the historical separation of a continuously distributed population due to the 
formation of geographic barrier ensuing the differentiation of the original group into new 
varieties or species) also plays an important role in the diversification of marine species in 
particular during the Pliocene-Pleistocene glacial- and interglacial events (Widmer and Lexer, 
2001; Olsen et al., 2004; Fraser and Bernatchez, 2005; Rabassa et al., 2005; Briggs and Bowen, 
2010, 2013). These resonating climatic periods resulted in changes in sea levels, temperature, 
salinity, ocean currents, upwelling patterns and prey distribution, thus affecting the connectivity 
and isolation of populations (e.g. Costedoat et al., 2006; Harlin-Cognato et al., 2007; Briggs and 
Bowen, 2010, 2013). In particular, Pleistocene sea-level fluctuations (as low as 150 m below 
present) formed vicariant barriers such as the Indo-Pacific barrier between the Indian- and 
Pacific Ocean (Voris, 2000; Barber et al., 2006; Hobbs et al., 2009; Naish et al., 2009). This 
Indo-Pacific barrier enhanced genetic divergence between populations for many species (Lu et 
al., 2006; Menezes et al., 2006; Craig et al., 2007). The influences of Pleistocene glacial- and 
interglacial events on species and population diversification can be seen in a number of species 
[e.g. Pacific Sierra mackerel (Scomberomorus sierra; López et al., 2010); dolphinfish (Díaz-
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Jaimes et al., 2010); broad-nosed pipefish (Syngnathus typhle; Wilson and Veraguth, 2010); 
peacock grouper (Cephalopholis argus; Gaither et al., 2011); Manila clam (Ruditapes 
philippinarum; Moa et al., 2011); Atherina species (Pujolar and Congiu, 2012)].  
 
The forming and closure of seaways are also imported barriers to gene flow (Rögl and 
Steininger, 1983; Knowlton et al., 1993; White, 1994; Knowlton and Weigt, 1998; Marko, 2002; 
McCartney and Lessios, 2002; Kirby et al., 2008; Lessios, 2008; Stelbrink et al., 2010). Two 
major seaways have played an important role in the biogeographic history of many marine 
species: the closure of the Tethys Sea (18 million years ago [MYA]) and the forming of the 
Panamanian isthmus land bridge (3 - 5 MYA; Fig. 1.2). The closure of the Tethys Sea separated 
the Mediterranean Sea and the Indian Ocean influencing the evolutionary history of many marine 
species; for example Trachurus species (Cárdenas et al., 2005), needlefishes (Banford et al., 
2004), and angel sharks (Stelbrink et al., 2010). The rising of the Panamanian isthmus land 
bridge effectively separated the Atlantic and Pacific oceans 3.5 - 2.9 MYA (Bermingham et al., 
1997; Kirby et al., 2008). The evolutionary consequences of the Isthmus of Panama can be found 
in numerous marine species (e.g. Bermingham et al., 1997; Knowlton and Weigt, 1998; Williams 
et al., 2001; Arbogast et al., 2002; McCartney and Lessios, 2002; Lessios, 2008; Hurt et al., 
2009; Miura et al., 2010; Reece et al., 2010; Stelbrink et al., 2010). 
 




Fig. 1.2: The two major historical pathways for dispersal, the Tethys Sea (red arrow) and the Isthmus of 
Panama (black arrow). 
 
1.2 Molecular genetic techniques 
Molecular genetic methods such as phylogenetic reconstructions, phylogeography and 
population genetics are useful to resolve genetic variation at different taxonomic levels: species, 
populations and individuals. 
 
1.2.1 Phylogenetic relationships in the marine environment  
Traditionally taxonomists used phenotypic or ecological characters to group organisms. 
However, in recent years phylogenetic relationships between species have been mainly based on 
DNA sequence data (Ekrem et al., 2010; Lim et al., 2010; Liu et al., 2010). 
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When selecting genetic markers it is important to take into account the mutation rate of the DNA 
region being investigated. To identify recent evolutionary events, markers with higher mutation 
rates should be more informative, whereas markers with low mutation rates may prove more 
useful to detect more ancient divergence between lineages. In most species, mitochondrial DNA 
(mtDNA) has a higher mutation rate (up to 10x) than single copy nuclear DNA, providing 
estimates of genetic divergence over shorter evolutionary timescales (Wilson et al., 1985; Ferris 
and Berg, 1987; Birky et al., 1989; Meyer, 1993; Shaklee and Bentzen, 1998; Waples, 1998). 
However in order to fully understand the evolutionary relationships between organisms, a 
combination of markers are needed to detect recent and past events of speciation and therefore a 
multilocus / -gene approach is recommended to resolve complex lineages. Combining these 
datasets has been shown to result in higher resolution and reveal hidden support where 
relationships are in conflict among individual fragment analyses (Gatesy et al., 1999; Hrbek et 
al., 2007; Gray et al., 2009). 
 
In phylogenetic analysis a phylogenetic tree is drawn to illustrate relationships between species. 
Several methods of inference can be used to construct these trees. Parsimony is a character-based 
method and the preferred phylogenetic hypothesis (tree) is the one with the minimum number of 
evolutionary steps (Swofford and Olsen, 1990). Maximum likelihood and Bayesian inference are 
model-based methods. Maximum likelihood estimates which tree topology is most likely to be 
observed given the available dataset and a specific substitution model of DNA sequence 
evolution (Felsenstein, 1981; Bensasson et al., 2001). Bayesian inference (BI), is a likelihood-
based approach that aims at estimating the posterior probability distribution for a parameter 
(such as the tree), given the data, a substitution model of character evolution and prior 
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probabilities on parameters in the model (Huelsenbeck and Imennov, 2002). While phylogenetic 
analyses are relatively easy to perform it is essential to keep in mind that the constructed tree 
remains a hypothesis of the actual genetic relationships.  
 
1.2.2 Population genetics and phylogeography in marine systems 
The term “population” is one of the broadest concepts used in biology, because it may be 
interpreted in various contexts. For example, “population” from an ecological perspective is 
largely defined as the opportunity for individuals to interact demographically, whereas from an 
evolutionary perspective it is based on reproductive interactions among individuals and thereby 
based on a more genetic approach. In the current study Waples and Gaggiotti’s (2006) definition 
for a population will be used: “a group of interbreeding individuals that exist together in time 
and space having a higher probability of reproducing with each other than with individuals from 
other such groups”. 
 
Since the introduction of PCR (Polymerase Chain Reaction) technology in the late 1980’s two 
marker classes, microsatellites (nuclear DNA) and mtDNA have dominated estimations of 
population structure (Avise, 2000; Natoli et al., 2006; Cárdenas et al., 2009; Muths et al., 2009; 
Yamaguchi et al., 2010). These two marker classes were simultaneously developed for 
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1.2.2.1 Markers for historical and contemporary processes in population genetics 
The historical and contemporary processes that influence populations are reflected in their 
genetic structures (Balloux and Lugon-Moulin, 2002), however, teasing apart the relative effects 
of past vs. current processes can be challenging. Mitochondrial DNA predominantly provides 
information about historical processes for maternal intraspecific relationships but may also allow 
insights into ongoing gene flow (Avise, 2000). However, conclusions from mtDNA data alone 
suffer from the well-known drawback of single-locus gene trees. The smaller effective 
population size (fourfold) of the mitochondrial genome compared to the nuclear genome, 
increases the effects of genetic drift in segmented populations which in return results in more 
rapid fixation or loss of alleles. Mitochondrial DNA can detect strong population divisions but 
not subtle structure and is therefore most ideally suited in the identification of evolutionary 
lineages (Birky et al., 1983). However, while overall mutation rates tend to be higher for the 
mitochondrial- than nuclear genome (Brown et al., 1979), most regions in the mitochondrial 
genome are protein coding; thus potentially under selection (Ballard and Kreitman, 1995). The 
evolution of these regions may therefore not always occur rapidly enough to infer contemporary 
levels of gene flow (Angers and Bernatchez, 1998).  
 
Over the last decade, microsatellite markers have become the most frequently used nuclear 
markers in population genetic studies. This can be attributed to the advantages microsatellites 
offer over mtDNA, including bi-parental inheritance, selective neutrality and rapid mutation 
rates (Balloux and Lugon-Moulin, 2002). The high information content of polymorphic 
microsatellites may reveal contemporary gene flow better than mtDNA, allozymes or single copy 
nuclear DNA (scnDNA) (Goudet et al., 1996; Buonaccorsi et al., 1999). These markers are 
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effective in population studies requiring allele frequency data, such as studies of population 
differentiation, and are ideal for fine-scale population structure investigations (Cárdenas et al., 
2009; Yue et al., 2009; González-Wangüemert et al., 2010). In fish genetics, microsatellite 
markers are utilised in kinship- and population studies (Liu and Cordes, 2004; Castro et al., 
2007; González-Wangüemert et al., 2010; Miller et al., 2011), analysing genetic diversity of 
wild- and cultured populations (Yue et al., 2004; Kanno et al., 2006; Burridge and Versace, 
2007; Yue et al., 2009), reconstructing pedigrees (DeWoody et al., 2000; Norris et al., 2000; 
Sekino et al., 2003; Borrell et al., 2004; Novel et al., 2010), for construction of genetic linkage 
maps (Chistiakov et al., 2005; Wang et al., 2007; Ruan et al., 2010; Nomura et al., 2011), and 
mapping quantitative trait loci (QTLs) (Cnaani et al., 2003; Wang et al., 2008; Ruan et al., 
2010). 
 
However, no molecular markers are fundamentally better than another (Karl et al., 2012) and all 
types of markers are useful depending on the application. In some studies microsatellites proved 
to be more powerful than mtDNA in detecting population structure (Angers and Bernatchez, 
1998; Wirth and Bernatchez, 2001; Johnson et al., 2003) but not in others (Pardini et al., 2001; 
Keeney et al., 2005), while largely similar patterns of population subdivision have also been 
discovered (e.g. Lehman et al., 1997; Allendorf and Seeb, 2000; Natoli et al., 2004). In cases 
where weaker population structure based on microsatellites than mitochondrial markers are 
found, the discrepancies are often attributed to male-biased dispersal (Karl et al., 1992; Castella 
et al., 2001; Eizerik et al., 2001; Keeney et al., 2005). However, Buonaccorsi et al. (2001) also 
showed that differences in population structure between nuclear- and mitochondrial markers 
could result from differences in effective population sizes and level of polymorphism and its 
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effects on FST estimates. Therefore the discrepancies in levels of population subdivision between 
nuclear and mitochondrial markers may be the result of the evolutionary characteristics and 
sampling properties of the marker classes (Birky et al., 1983; Buonaccorsi et al., 2001), such as 
mutation rates specific to each marker, modes of inheritance, and high variances in FST estimates 
(particularly for mtDNA) (Buonaccorsi et al., 2001). In addition, for microsatellite loci, allele 
size homoplasy (Estoup et al., 2002) may cause an underestimation in the detected amount of 
divergence between populations isolated over longer temporal and / or large spatial scales 
(Rousset, 1996; Estoup et al., 2002). Thus, by combining microsatellite- and mitochondrial 
markers, many of the abovementioned issues may be addressed.  
 
1.3 Systematics of Seriola 
The Carangidae is a diverse family that includes many species with ecological and economic 
importance, including the Jacks, Scads, Trevallies, Pompano, Amberjacks, and Queenfishes. 
This family is one of the largest families in the order Perciformes, and comprises of 
approximately 32 genera and 140 species (Nelson, 2006). Species of this family are found in the 
Atlantic, Indian and Pacific oceans, and are usually fast-swimming predatory fish hunting in the 
open sea, or in the waters above reefs. The fossil record of several carangid genera (especially 
Caranx and Seriola) are rather extensive and dates back to the early Paleogene (late Thanetian; 
Berg, 1947); having been identified from whole and incomplete specimens, skeletal fragments, 
and otoliths. Currently, within Carangidae there are four recognised tribes; the Scomberoidini, 
Trachinotini, Naucratini, and Carangini. For the current study the tribe Naucratini is of great 
importance because it consists of mostly one genus, Seriola.  
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Currently the genus Seriola consists of nine valid species that inhabit the tropical and temperate 
regions of the world’s ocean. However, there is a great deal of confusion in distinguishing 
between some of the species, especially where the juveniles are concerned. Furthermore, all nine 
species have synonyms that are currently used in literature (Table 1.1). For example Seriola 
dumerili has 13 synonyms and S. lalandi, 16. In addition, some of these synonyms come from 
other valid species names, for example S. carpenteri is also known as S. dumerili, S. fasciata and 
S. lalandi. The current classification of Seriola is based mostly on external morphology and 
geography and the phylogenetic relationship of the species in the genus are currently poorly 
understood. 
 
Within Seriola there are three principal market species; S. quinqueradiata, S. seriola and S. 
dumerili. Of these three, S. lalandi is one of the most valuable commercial and recreational 
species in southern Africa. Seriola lalandi has a non-equatorial distribution, thus it can be found 
in the temperate waters of the Pacific and Indian oceans, and off the coast of South Africa, Japan 
and the USA (McGregor, 1995) In South Africa, S. lalandi occurs from the west coast to 
southern KwaZulu-Natal, from the shore out to the continental edge (Penney, 1990). 
Interestingly, during an individual yellowtail’s lifetime it can be both pelagic and demersal 
(living on or near the bottom of the ocean), which means they spend part of their lives roaming 
the oceans and the other part benthic (close to the ocean floor). Juveniles are generally found 
schooling in warmer offshore waters with adults preferring to live a solitary life, or in a small 
group, inside the continental shelf. According to the WWF (http://www.wwfsassi.co.za), 
yellowtail stocks are currently considered to be optimally exploited within South Africa. 
However, over the last two decades an increase in the number of catches was seen since the early 
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stages of South African fishery (Griffiths, 2000). Approximately 700 tons of S. lalandi was 
captured annually from 2008 to 2011 worldwide, and of this ± 340 tons was captured along the 
South African coast (FOA, 2012). 
 
Table 1.1: Synonyms for the genus Seriola (compiled from http://www.fishbase.org). 
Valid name Synonyms 
Seriola carpenteri  Seriola dumerili, Seriola fasciata, Seriola lalandi 
Seriola dumerili Caranx dumerili, Regificola parilis, Seriola boscii, Seriola dumerilii, Seriola gigas, 
Seriola purpurascens, Seriola purpurescens, Seriola rhombica, Seriola simplex, 
Seriola tapeinometapon, Trachurus aliciolus, Trachurus fasciatus  
Seriola fasciata  Scomber fasciatus, Seriola semicoronata  
Seriola hippos  Naucratopsis excusabilis, Seriola gigas  
Seriola lalandi  Halatractus dorsalis, Lichia pappei, Seriola aureovittata, Seriola banisteri, Seriola 
dorsalis, Seriola dumerili, Seriola dumerilii, Seriola foncki, Seriola fonki, Seriola 
grandis, Seriola lalandei, Seriola lalandei dorsalis, Seriola lalandii, Seriola 
mazatlana, Seriola pappei, Seriola zonata  
Seriola peruana  Seriola mazatlana   
Seriola quinqueradiata  Seriola sparna   
Seriola rivoliana  Seriola bonariensis, Seriola bovinoculata, Seriola colburni, Seriola coronata, 
Seriola declivis, Seriola dubia, Seriola falcata, Seriola ligulata, Seriola proxima, 
Seriola ravoliana, Seriola rivolacea, Seriola rivolina, Seriola songoro  
Seriola zonata  Scomber zonatus  
 
Although yellowtail is an important commercial species, it is profoundly understudied 
throughout its distribution range. The only large-scale genetic study published on S. lalandi 
found significant differentiation between populations from Japan and those from Australia – 
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New Zealand (Nugroho et al., 2001). Furthermore, a fine-scale study along the Australian coast 
by Miller et al. (2011) found significant population differences between the west and east coast 
of Australia. To our knowledge, there is no information on the genetic structuring and -diversity 
of the species within southern Africa. 
 
1.4 Management of exploited species  
Marine organisms are not an unlimited resource, as can be seen in the collapse of most major 
fisheries (an entity, recognised by governments, engaging in harvesting fish usually from the 
wild) worldwide due to over-exploitation (Hutchings, 2000; Worm et al., 2006; Pinsky et al., 
2011; Neubauer et al., 2013). Fisheries must employ management programs to assure long-term 
sustainable yield, prevent population crashes and assist in the recovery of depleted- or 
endangered species (Ward, 2000). For accurate management decisions regarding fisheries, 
knowledge of the population dynamics of the targeted species is essential. This is usually done 
by identifying, characterising and maintaining stocks of the focal species that can be managed 
separately.  
 
Some form of discontinuous aggregations of individuals in space and / or time are found in most 
organisms. These aggregations have specific genetic characteristics that may be influenced by 
several evolutionary processes (see 1.1.1). For exploited marine species these aggregations are 
known as stocks (Shaklee and Bentzen, 1998). Various definitions for the term stock exist and 
are reviewed by Carvalho and Hauser (1994). Correctly identifying the number of stocks within 
fishing grounds are essential for the management of exploited species (Booke, 1999) because  
separate management strategies should be determined for each stock (Ward, 2000) to maintain 
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the genetic diversity in each stock. The preservation of genetic variation in species is essential 
for continually adaptations / responses to environmental changes and selective pressures 
(O'Connell and Wright, 1997).  
 
Tagging surveys have traditionally been used to investigate interactions between stocks. Tagging 
surveys carried out on later life stages (juveniles and adults) usually show some movement 
between different geographical areas. Although, this movement (migration) does not necessarily 
translate into gene flow (Ferris and Berg, 1987; Waples, 1998), this information can be used as a 
baseline and, coupled with the life history parameters of a species, can be used for the initial 
recognition and description of geographically isolated stocks (Begg et al., 1999). However 
tagging has several downfalls in that it is costly, tagged animals have a reduced survival rate, 
loss of tags are common and the information obtained is limited to the lifetime of the tagged 
individual (Utter and Ryman, 1993).  
 
Recently genetics has become a valuable tool in stock identification. Here the genetic structure 
of natural populations forms the basis for the identification of stocks from representative 
populations (Ward, 2006). The genetic variation between the stocks plays a major role in stock 
identification. When analysing the genetic structure of stocks, the failure to detect genetic 
variation indicates that (a) only one stock is present, (b) the question cannot be resolved by the 
specific marker used, (c) recent separation has taken place or (d) sampling was inadequate 
(Ward, 2000). Since even limited gene flow can result in genetic homogeneity among samples, it 
is important to determine the actual level of gene flow when identifying stocks (Dizon et al., 
1992; Carvalho and Hauser, 1998; Ward, 2000). Genetic stock identification has played an 
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important role in the successful management of several threatened marine species e.g. corals 
(Van Oppen and Gates, 2006), loggerhead turtles (Caretta caretta; Bowen et al., 2005), and 
white abalone (Haliotis sorenseni; Gruenthal and Burton, 2005). 
 
However it is widely recognised that an optimal management strategy uses a holistic approach, 
that includes genetic data, biological characteristics such as behaviour, migration and 
reproduction, as well as biogeographical patterns and oceanography (Begg and Waldman, 1999).  
 
1.5 Thesis overview  
The following chapters explore a broad scale of events driving evolution in Seriola. Firstly the 
evolutionary history of the nine Seriola species (Chapter 2) is examined and the first robust 
phylogeny of this genus using sequence data from two mtDNA (Cytochrome b [Cytb] and 
Cytochrome Oxidase I [COI]) and two nuclear fragments (recombination activating gene 1 
[RAG1] and Rhodopsin [Rhod]) provided. The historical processes shaping speciation in this 
genus is also explored. The following two chapters investigate the genetic diversity and 
population structure of a specific Seriola species, S. lalandi on a global scale (Chapter 3) with 
DNA sequence data (Cytb, COI, and RAG1) and a regional scale (South Africa; Chapter 4) 
utilising six microsatellite markers. In these sections possible influences, such as historical- 
(Chapter 3) and demographic (Chapter 4) processes on genetic variation within S. lalandi 
populations are identified. The last chapter summarises the findings and explores how the results 
can be interpreted to assist with the effective management and sustainability of this important 
commercial species. 
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Chapter 2: Molecular Systematics of Seriola (Perciformes: 
Carangidae) 
2.1 Introduction 
The Carangidae is a diverse family that includes species of fish of ecological and economic 
importance, including the Jacks, Scads, Trevallies, Pampano, Amberjacks, and Queenfishes. 
Species of this family are found in the Atlantic, Indian and Pacific oceans, and are usually fast-
swimming predatory fish hunting in the open sea, or in the waters just above reefs. The fossil 
record of several carangid genera (especially Caranx and Seriola) is rather extensive and dates 
back to the early Paleocene (50 - 55 MYA; Berg et al., 1947; Patterson and Owen, 1991); having 
been identified from whole and incomplete specimens, skeletal fragments, and otoliths. 
Currently, within Carangidae there are four recognised tribes; Scomberoidini, Trachinotini, 
Naucratini, and Carangini (Smith-Vaniz, 1984). Reed et al. (2002) has been the only study to 
date to address the phylogenetic relationships between these four tribes. A 700bp fragment of the 
mtDNA Cytochrome b gene was used for phylogenetic reconstruction of 50 species (18 genera) 
representative of the four tribes. The tribes Carangini, Naucratini and Trachinotini were found to 
be monophyletic. The fourth tribe, Scomberoidini was paraphyletic; including carangid- as well 
as outgroup species. The study also resolved a sister group relationship between Carangini and 
Naucratini. For the current study, the tribe Naucratini is of interest because it consists of a single 
genus Seriola. This genus is one of 50 genera found in the family Carangidae. Currently the 
genus Seriola comprises of nine recognised species (S. carpenteri, S. dumerili, S. fasciata, S. 
hippos, S. lalandi, S. peruana, S. quinqueradiata, S. rivoliana, S. zonata), that inhabit the tropical 
and temperate regions of the world’s oceans.  
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Seriola carpenteri (Mather, 1971; Guinean amberjack) is predominantly found along the coast of 
West Africa ranging from Angola upward to Cape Verde, Dakar, while it has also been recorded 
in the Mediterranean Sea (Golani et al., 2002; Fig. 2.1). The adults of this species are 
benthopelagic (inhabiting the waters just above the bottom of the ocean) and occur in the coastal 
waters over the continental shelf in depths from 0 - 200m. This species is restricted by surface 
temperature and can usually be found in sea temperatures between 18 - 27°C, although 
temperatures higher than 25°C are preferred.  
 
Fig. 2.1: Global distribution map for Seriola carpenteri (compiled and acquired from 
http://www.fishbase.org). The colours indicate the probabilities of occurrence in a particular area and range 
from yellow (low probability of occurrence) to red (high probability of occurrence).   
 
Seriola dumerili (Risso, 1810; Greater amberjack) is the largest species in the genus and can 
reach a maximum size of 200 cm. This species is found in subtropical and temperate waters 
(Manooch and Potts, 1997) of the Mediterranean Sea, the Atlantic-, the Pacific- and the Indian 
Ocean (Fig. 2.2). This pelagic species is usually associated with deep water reefs. 




Fig. 2.2: Global distribution map for Seriola dumerili (compiled and acquired from http://www.fishbase.org). 
The colours indicate the probabilities of occurrence in a particular area and range from yellow (low 
probability of occurrence) to red (high probability of occurrence).   
 
Seriola fasciata (Bloch, 1793; Lesser amberjack) can be found in the subtropical waters of the 
eastern- and western Atlantic Ocean and is also benthopelagic (Fig. 2.3).  
 
Fig. 2.3: Global distribution map for Seriola fasciata (compiled and acquired from http://www.fishbase.org). 
The colours indicate the probabilities of occurrence in a particular area and range from yellow (low 
probability of occurrence) to red (high probability of occurrence).   
 
Seriola hippos (Günther, 1876; Samson fish) is endemic to Australia and New Zealand (Fig. 2.4). 
The species occurs close to the shoreline, often living near reefs, jetties and pylons (Kailola et 
al., 1993); sometimes even within estuaries (May and Maxwell, 1986). This species prefers 
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warmer water (18 - 24°C), although it does occasionally venture into cooler waters (Starling, 
1988).  
 
Fig. 2.4: Global distribution map for Seriola hippos (compiled and acquired from http://www.fishbase.org). 
The colours indicate the probabilities of occurrence in a particular area and range from yellow (low 
probability of occurrence) to red (high probability of occurrence).   
 
Seriola lalandi (Valenciennes, 1833; yellowtail amberjack) is widespread along the temperate 
regions of the Indian- and Pacific Ocean and southern Africa (Fig. 2.5; Gillanders et al., 1997). 
This benthopelagic species can be found in coastal- and oceanic waters, close to kelp beds and 
rocky reefs (Eschmeyer et al., 1983).  
 
Fig. 2.5: Global distribution map for Seriola lalandi (compiled and acquired from http://www.fishbase.org). 
The colours indicate the probabilities of occurrence in a particular area and range from yellow (low 
probability of occurrence) to red (high probability of occurrence).   
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Seriola peruana (Steindachner, 1881; Fortune jack) can be found in the tropical coastal waters of 
the eastern Pacific Ocean (Mexico to Ecuador and the Galapagos Islands, Fig. 2.6). This species 
is pelagic and demersal.  
 
Fig. 2.6: Global distribution map for Seriola peruana (compiled and acquired from http://www.fishbase.org). 
The colours indicate the probabilities of occurrence in a particular area and range from yellow (low 
probability of occurrence) to red (high probability of occurrence).   
 
Seriola quinqueradiata (Temminck and Schlegel, 1845; Japanese amberjack) is endemic to the 
temperate waters of the north-west Pacific Ocean, from Japan to Hawaii (Fig. 2.7) and is 
demersal and exhibits shoaling behaviour (Frimodt, 1995).  
 
Fig. 2.7: Global distribution map for Seriola quinqueradiata (compiled and acquired from 
http://www.fishbase.org). The colours indicate the probabilities of occurrence in a particular area and range 
from yellow (low probability of occurrence) to red (high probability of occurrence).   
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Seriola rivoliana (Valenciennes, 1833; Almaco jack, Hawaiian yellowtail, kampachi) is a 
tropical species that can be found in the Indian-, Atlantic- and Pacific Ocean (Fig. 2.8; Quigley, 
2007).  
 
Fig. 2.8: Global distribution map for Seriola rivoliana (compiled and acquired from http://www.fishbase.org). 
The colours indicate the probabilities of occurrence in a particular area and range from yellow (low 
probability of occurrence) to red (high probability of occurrence).   
 
Seriola zonata (Mitchill, 1815; Banded rudderfish) is found in subtropical waters around the 
world and the colder (temperate) waters of the North-western Atlantic Ocean (Fig. 2.9). This 
species is benthopelagic and is confined to the coastal waters over the continental shelf. 
 
Fig. 2.9: Global distribution map for Seriola zonata (compiled and acquired from http://www.fishbase.org). 
The colours indicate the probabilities of occurrence in a particular area and range from yellow (low 
probability of occurrence) to red (high probability of occurrence).   
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The taxonomy and evolutionary relationships of these species is however not well-defined, with 
confusion in morphologically distinguishing between some members of the species, especially in 
regards to juveniles. All nine species have synonyms that are used in literature e.g. S. dumerili 
and S. rivoliana have 13 synonyms each. In addition, some of these synonyms come from other 
valid species names, for example S. lalandi is also known as S. dumerili and S. zonata (refer to 
Table 1.1).  
 
Karyotyping studies in the genus are limited, but have found a similar diploid chromosome 
number (2n = 48) in four of the species (S. dumerili; Sola et al., 1997; S. fasciata; Tripathy and 
Das, 1988; S. quinqueradiata; Ida et al., 1978 and S. lalandi; Chai et al., 2009).  
 
The current classification of Seriola is based mostly on external morphology and geographical 
distribution patterns. Although Reed et al. (2002) did include four Seriola species within their 
carangid study; the molecular phylogenetic relationships of all nine species in the genus are 
poorly understood. The present study aims to investigate the relationship between species in the 
genus Seriola based on mitochondrial (Cytochrome b [Cytb] and Cytochrome Oxidase I [COI]) 
and nuclear (recombination activating gene 1 [RAG1] and Rhodopsin [Rhod]) sequence data. 
This is the first study to construct a robust phylogeny for this genus that encompasses both 
mitochondrial- and nuclear genes and layed a better foundation for interpreting relationships 




Stellenbosch University  http://scholar.sun.ac.za
49 
 
2.2 Materials and methods 
2.2.1 Samples and DNA extraction 
Tissue samples were collected from individuals representative of the nine Seriola species (Table 
2.1). For species with a large distributional range, samples were collected from localities 
throughout their respective ranges. Species were identified by the individual sample contributers. 
Samples were preserved in 95% (v/v) ethanol and stored at room temperature. Tissue samples of 
selected outgroup were also collected and stored in 95% ethanol. Outgroup species were closely 
related carangid species of the sister tribe Carangini (Reed et al., 2002; Table 2.1). 
 
The hexadecyl-trimethylammoniumbromide (CTAB) protocol by Doyle and Doyle (1987) was 
used for total genomic DNA extraction with minor modification. Approximately 0.01g of tissue 
(fin clips or muscle) was incubated overnight at 60°C in 500μl extraction buffer (100mM Tris-
HCl, 1.4mM NaCl, 20mM EDTA, 2% (m/v) CTAB), containing 5μl 0.5mg/ml proteinase K 
(Promega). The blades used for the tissue dissection were thoroughly cleaned with 95% ethanol 
between individual samples to avoid cross-contamination. Two chloroform-isoamyl alcohol 
(24:1) separation steps followed to remove proteins and lipoproteins. To precipitate the DNA, 
300μl of ice-cold absolute ethanol (100%) was added to the aqueous liquid, followed by 
incubation at -20°C overnight. The solution was subsequently centrifuged (14 000rpm) for 
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Table 2.1: Taxa included in this study. 




 Angola, West Africa 
 Scar2
c
 Angola, West Africa 
S. dumerili Sdu15
d
 Madeira Island, West Africa 
 Sdu9
g
 Cape Lambert, Australia 
 Sdu611
a
 Key Largo, Florida, USA 
S. fasciata Sfa3
a
 South Carolina, USA 
 Sfa7
b
 South Carolina, USA 
 Sfa10
c
 South Carolina, USA 
S. hippos Ship1
g
 Eyre Peninsula, Australia 
 Ship2
g
 New South Wales, Australia 
 Ship5
h
 Rottnest, Australia 
S. lalandi A1
k
 Southwest  rift, South Africa  
 Slala2
f
 New South Wales, Australia 
 Slala3
g
 New South Wales, Australia 
 Slala902
l















 South Carolina, USA 
 Sri36
j 
South Carolina, USA 
 Sri37
b 
South Carolina, USA 
Seriola sp. Sri47
c
 Angola, West Africa 
 Sri48
c
 Angola, West Africa 
S. zonata Szo2
a
 Panama City, Florida, USA 
 Szo15
a
 Panama City, Florida, USA 
 Szo20
b
 South Carolina, USA 
Outgroups   
Coryphaena equiselis Corhip
d
 West Africa 
Pseudocaranx dentex Pse
d
 West Africa 
Trachinotus ovatus Tra1
d
 West Africa 
 Tra2
d
 West Africa 
Samples were contributed by 
a
 Mark Renshaw, 
b
 Byron White, 
c
 Kent Carpenter, 
d
 Peter Wirtz, 
e





 Alastair Graham, 
h
 Kate Hudson, 
i
 T Masumoto, 
j
 Luca Castriota, 
k





2.2.2 Primers, PCR amplification and sequencing 
Polymerase Chain Reaction (PCR) products for the two mitochondrial- (Cytb [800bp] and COI 
[400bp]) and two nuclear (Rhod [800bp] and RAG1 [700bp]) fragments were amplified with the 
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primer sets listed in Table 2.2. Approximately 20ng of template DNA was used in a 25µl PCR 
reaction (0.1µM primer, 1X GoTaq buffer, 2.5mM MgCl2, 0.5mM dNTPs and 0.5unit GoTaq; 
Promega). Amplification was conducted following an initial denaturing step at 94°C for 3min, 35 
cycles of denaturation at 94°C for 30s, respective annealing temperature for 30s, extension at 
72°C for 45s and a final extension step at 72°C for 5min. 
 
Table 2.2: Primer sequences used in this study. 
Gene 
Primer 
name Primer sequence (5'- 3') Ta (°C) Reference 
COI L6569 CCT GCA GGA GGA GGA GAT CC 48-55 Martin et al., 1992 
 
H7110 CCA GAG ATT AGA GGG AAT CAG TG 
 
Martin et al., 1992 
Cytb L14724 TGA CTT GAA RAA CCA YCG TTG 55 Palumbi et al., 1991 
 
H15889 TGG RAC TGA GCT ACT AGT GC 
 
Reed  et al., 2002 
Rhod Rh193 CNT ATG AAT AYC CTC AGT ACT ACC 55 Chen et al., 2003 
 
Rh1073r CCR CAG CAC ARC GTG GTG ATC ATG 
 
Chen et al., 2003 
RAG1 RAG1F1 CTG AGC TGC AGT CAG TAC CAT AAG ATG T 58 Lopez et al., 2004 
 
RAG1R1 CTG AGT CCT TGT GAG CTT CCA TRA AYT T 
 
Lopez et al., 2004 
Ta = annealing temperature 
 
PCR products were visualised on 1% (m/v) agarose gels containing ethidium bromide. 
Amplicons were purified with SigmaSpin post-reaction clean-up columns (Sigma). Cycle 
sequencing of the purified products was performed only in the forward direction with the BigDye 
terminator kit v3.0 (Applied Biosystems) and analysed on a 3100 ABI automated sequencer at 
Stellenbosch University Central Analytical Facilities. Sequences were edited and manually 
aligned with BioEdit v7 (Hall, 1998) and subsequent alignments checked in ClustalX (Thompson 
et al., 1997) to ensure optimal alignment.   
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2.2.3 Phylogenetic analysis 
The evolutionary relationships in the genus Seriola were investigated with three phylogenetic 
reconstruction methods: Maximum parsimony (MP), Maximum likelihood (ML) and Bayesian 
inference (BI). MP analyses were performed in MEGA v4.02 (Tamura et al., 2007) and were 
conducted using heuristic searches with 100 random addition (RA) replicates and tree bisection 
reconnection (TBR) branch swapping. Confidence in the resulting relationships was assessed 
with the nonparametric bootstrap procedure (Felsenstein, 1985) with 10 000 bootstrap replicates. 
The ML trees were constructed with PHYML v2.4.4 (Guindon and Gascuel, 2003). The analysis 
was started from a Neighbour-Joining tree and the TBR approach was used to search for tree 
topology. Bootstrap values for each dataset were acquired with 1 000 pseudoreplicates and all 
ML trees’ node values are represented as the proportion of replicates in which that clade was 
recovered. MrBayes v3.1.2 (Ronquist and Huelsenbeck, 2003) was used for Bayesian analysis. 
Four independent searches were performed each with four Markov chains for 1 000 000 
generations, with trees saved every 100 generations. Bayesian posterior probabilities were 
estimated from the resulting 10 000 parameter point-estimates minus the first 25% (2 500) burn-
in phase.  
 
Model selection is an important component in phylogenetic inference. The most common 
method of model selection is the hierarchical likelihood ratio test (Posada and Crandall, 1998). 
However, this method may not be ideal due to its limitations regarding the nested model 
structure required for comparing hypotheses (Pol, 2004; Posada and Buckley, 2004). Other 
methods of model justification, such as the Akaike Information Criteria (AIC), are preferred 
because both nested- and non-nested sets of models can be evaluated, while allowing for model 
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averaging procedures and assessments of model selection uncertainties (Adachi and Hasegawa, 
1996; Shimodaira and Hasegawa, 1999; Shimodaira, 2001). In the current study, model selection 
for ML and BI followed the procedures outlined by Posada and Buckley (2004) for AIC. 
ModelTest v3.6 (Posada and Crandall, 1998) was used to identify the model with the highest 
AIC weight; thus the evolutionary model that would best fit the datasets, for each gene 
individually, and for the combined dataset. The best-fit models identified under AIC for the 
Cytb, COI and RAG1 datasets was the general time-reversible model with gamma-distributed 
rate heterogeneity parameter (GTR+G). The Hasegawa-Kishino-Yano plus gamma (HKY+G) 
model was selected for the Rhod dataset. These models were subsequently implemented in the 
ML and BI analysis for each separate dataset.  
 
Two different strategies were used to analyse the combined dataset containing all four fragments. 
First, ML and MP were carried out on a single concatenated dataset and secondly, BI was 
performed on a partitioned dataset. ModelTest was employed to choose the best-fitting model, 
with GTR+G identified as the model to best fit the concatenated dataset. For BI, the dataset was 
partitioned by gene and a mixed-model performed, implementing the models and parameters 
previously identified by Modeltest for each individual gene. Uncorrected pairwise genetic 
distances (p-distance) among the Seriola species were calculated in MEGA.  
 
Divergence times were estimated in BEAST v1.7.3 (Drummond et al., 2012) and BEAUti v1.7.3 
was used to generate the input files. An uncorrelated log-normal relaxed molecular clock 
(Drummond et al., 2006) was used to estimate the node ages using the same partitioning strategy 
and models of evolution for the combined data set as implemented during the BI analysis. The 
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Yule speciation process (assuming a constant speciation rate per lineage) was selected as tree 
prior (Drummond and Rambaut, 2007). Two calibration points were used: 55.0 MYA (SD = 1.0) 
and 3.2 MYA (SD = 0.2). The first date reflects the first time the genus was documented in the 
fossil record (Berg, 1947; Patterson and Owen, 1991) and was used to calibrate the ancestral 
node in the root of the phylogenetic tree of the genus Seriola. The second date is a biogeographic 
calibration point for the speciation between S. fasciata and S. peruana. These two species are 
sister taxa and are separated by the Isthmus of Panama, a land bridge between the Indo-Pacific 
and Atlantic oceans. The most recently geological age of the uprising of the Panamanian isthmus 
is approximately 3.2 MYA (Duque and Aro, 1990; Bermingham et al., 1997; Marko, 2002; 
Lessios, 2008). Five independent runs with simulations of 10 million Monte Carlo Markov Chain 
(MCMC) steps with sampling every 1 000 generations and a burn-in of 10% were computed in 
BEAST. After the first run the program TRACER v1.5 (Rambaut and Drummond, 2007) was 
used to examine effective samples sizes (ESS) to assess if this parameter was above 200 and if 
the parameter space had been efficiently searched to reach convergence. After the five runs 
TRACER was used to examine and combine the log files. 
 
2.3 Results 
Separate phylogenetic data analyses were conducted for each gene region as well as the 
combined dataset. Partial sequences were obtained for Cytb, COI, Rhod and RAG1 after 
trimming of the 3’ end (Appendix A - D). Three inference methods were used to construct the 
phylogenetic trees: Maximum parsimony (MP), Maximum likelihood (ML) and Bayesian 
inference (BI). Phylogenies based on the individual gene regions differed somewhat depending 
on the fragment examined and inference method used. The relationship between the species will 
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be discussed in more detail in the combined analysis. For each region the ML phylogenetic tree 
is shown with bootstrap values (ML/MP) and posterior probabilities (BI) given for nodes.  
 
2.3.1 Cytb 
A total sequence length of 800bp was obtained for Cytb for all nine species (27 individuals) and 
three outgroup species. A total of 342 nucleotide sites were variable of which 277 positions were 
parsimony informative and 65 were singletons. Base composition analysis revealed a bias against 
guanine (A: 0.238; C: 0.320; G: 0.163; T: 0.279). The transition: transversion ratio (1.5/1) 
showed some bias towards transitions with a rate of R = 5.971. Parsimony analysis produced 
nine equally parsimonious trees of 649 steps (CI = 0.555; RI = 0.769). The three different 
analytical methods all indicated the monophyletic nature of the nine species within the genus 
Seriola (bootstrap values ≥ 80 and posterior probabilities = 1.00; Fig. 2.10). 
 
2.3.2 COI 
Despite various  PCR optimisation efforts, only six of the nine species could be reliably 
amplified. COI sequences from these six species (18 individuals) and one outgroup species 
totalled 400bp in length.Of these characters, 104 were variable, of which 67 were parsimony 
informative. A bias against guanine (A: 0.239; C: 0.260; G: 0.199; T: 0.302) was again observed. 
For the COI sequences, a transversion bias was observed (transition: transversion ratio = 1/2.4; R 
= 10.669). The MP analysis resulted in 51 equally parsimonious trees with a length of 139 (CI = 
0.799; RI = 0.885). Within this tree, the monophyly of the Seriola species is well-supported 
(bootstrap values ≥ 80 and posterior probabilities = 1.00; Fig. 2.11). 
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2.3.3 RAG1  
The final RAG1 alignment included all nine species (25 individuals) and two outgroup species. A 
total length of 700 characters was obtained of which 80 were variable and only 39 characters 
were parsimony informative. Base frequencies were A: 0.217; C: 0.251; G: 0.301; T: 0.231 and 
the transition: transversion ratio was 1.4/1 (R = 2.558). For RAG1, parsimony analysis produced 
182 equally parsimonious trees with a length of 77 (CI = 0.896; RI = 0.929). Within this 
particular tree the monophyly of some of the species has weak support (e.g. S. hippos and S. 
rivoliana; bootstrap values ≤ 70 and posterior probabilities ≤ 0.95; Fig. 2.12). 
 
2.3.4 Rhod 
A length of 800bp (99 variable sites, 62 parsimony informative sites) was obtained for the Rhod 
sequences for all nine species (27 individuals) and three outgroup species. Base frequencies were 
A: 0.184; C: 0.288; G: 0.238; T: 0.289 and the transition: transversion ratio was 1.2/1 (R = 
2.005). Parsimony analysis done on the Rhod dataset resulted in 482 equally parsimonious trees 
(length = 123; CI = 0.886; RI = 0.941). All three analytical methods indicated the monophyletic 
nature of five of the Seriola species (bootstrap values ≥ 80 and posterior probabilities = 1.00; 
Fig. 2.13). Two of the three phylogenetic methods (ML and MP) retrieved a single clade for S. 
hippos and S. lalandi, although support for these clades are low (bootstrap values between 43 
and 74). 
 
2.3.5 Combined dataset  
The analyses of the combined mtDNA and nuclear DNA datasets resulted in phylogenetic 
hypotheses that were consistent among the three methods of phylogenetic inference (Fig. 2.14). 
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Parsimony analysis among the 27 taxa (2 700bp, 625 variable sites, 443 parsimoniously 
informative sites) produced six equally parsimonious trees of 782 steps (CI = 0.599; RI = 0.779). 
Trees constructed by the three analytical methods all indicated the monophyly of the Seriola 
species and this was strongly supported (bootstrap values ≥ 80 and posterior probabilities = 1.00; 
Fig. 2.14).  
 
The combined dataset revealed three main groupings. Firstly, there is a close association between 
S. fasciata and S. peruana, with S. carpenteri as a sister taxon. This relationship can also be seen 
in the Cytb, RAG1 and Rhod trees (Fig. 2.10, 2.12, 2.13, 2.14). The second noteworthy 
relationship is observed between S. dumerili and S. rivoliana; a trend also supported in the 
separate analysis of the Cytb, RAG1 and Rhod regions (Fig. 2.10, 2.12, 2.13, 2.14). Lastly, the 
close relationship between S. lalandi and S. quinqueradiata can be seen in the Cytb, COI, RAG1, 
Rhod and the combined analyses (Fig. 2.10 - 2.14). Within the combined dataset, S. zonata forms 
a sister taxon to the S. lalandi and S. quinqueradiata grouping; a trend only found for the RAG1 
region (Fig. 2.12, 2.14). However, this species is basal in the clade containing the rest of the 
species excluding S. lalandi and S. quinqueradiata in the Cytb and Rhod phylogenies (Fig. 2.10, 
2.13). The relationship between S. hippos and the rest of the Seriola species is still unresolved 
because only ML analyses showed some support for this grouping (bootstrap value = 61%). 
However, the Cytb, RAG1 and Rhod trees show a relationship between S. hippos and the S. 
dumerili / S. rivoliana clade.  The Seriola sp. samples show a close relationship to S. carpenteri 
(Fig. 2.10 - 2.14). 




Fig. 2.10: The ML tree of the Cytb region for the genus Seriola. Numbers above branches to the left are MP 
bootstrap support values and to the right, ML bootstrap support values. Only bootstrap values greater than 
50% are shown. Numbers below branches are Bayesian posterior probabilities. Arrow indicates branch to 
which support values refers to.  




Fig. 2.11: The ML COI phylogeny of the genus Seriola. Numbers above branches to the left are MP bootstrap 
support values and to the right, ML bootstrap support values. Only bootstrap values greater than 50% are 
shown. Numbers below branches are Bayesian posterior probabilities.  
 
  




Fig. 2.12: The ML genealogy of the RAG1 region for the genus Seriola. Numbers above branches to the left 
are MP bootstrap support values and to the right, ML bootstrap support values. Only bootstrap values 
greater than 50% are shown.  Numbers below branches are Bayesian posterior probabilities. Arrow indicates 
branch to which support values refers to.  




Fig. 2.13: The Rhod phylogeny constructed using ML for the genus Seriola. Numbers above branches to the 
left are MP bootstrap support values and to the right, ML bootstrap support values. Only bootstrap values 
greater than 50% are shown. Numbers below branches are Bayesian posterior probabilities.  
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Fig. 2.14: The ML phylogeny of the combined dataset for the genus Seriola. Numbers above branches to the 
left are MP bootstrap support values and to the right, ML bootstrap support values. Only bootstrap values 
greater than 50% are shown. Numbers below branches are Bayesian posterior probabilities. Arrows indicate 
branches to which support values refer to. 
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2.3.6 Sequence divergence 
Uncorrected percentage sequence divergence for Cytb (p-distances; Table 2.3) ranged from 7.1 - 
14% among the Seriola species. The lowest sequence divergence was found between S. lalandi 
and S. quinqueradiata and the highest, between S. rivoliana and S. fasciata. The range of p-
distances for COI between the Seriola taxa is 1 - 10.8% (Table 2.3). The range of p-distances 
between the species for RAG1 is 0.3 - 2.1%, with the highest sequence divergence between S. 
lalandi and S. carpenteri (Table 2.4). For Rhod sequences the highest sequence divergence was 
found between S. carpenteri and S. quinqueradiata (1.3%), with the sequence divergence 
between all species ranging from 0.0 - 1.3% (Table 2.4). 
 
Table 2.3: Uncorrected pairwise distances (p-distances) for the nine Seriola species for Cytb (below diagonal) 
and COI (above the diagonal). 
 
S. rivoliana S. fasciata S. zonata S. dumerili S. carpenteri S. peruana S. quinqueradiata S. hippos S. lalandi  
S. rivoliana  - 0.010 N/A 0.053 N/A N/A 0.099 0.065 0.085  
S. fasciata  0.140 - N/A 0.055 N/A N/A 0.099 0.070 0.083  
S. zonata  0.109 0.133 - N/A N/A N/A N/A N/A N/A  
S. dumerili  0.071 0.122 0.113 - N/A N/A 0.108 0.078 0.080  
S. carpenteri  0.109 0.118 0.112 0.110 - N/A N/A N/A N/A  
S. peruana  0.132 0.128 0.119 0.125 0.123 - N/A N/A N/A  
S. quinqueradiata 0.108 0.130 0.099 0.113 0.122 0.131 - 0.094 0.058  
S. hippos 0.104 0.130 0.114 0.093 0.120 0.133 0.107 - 0.085  
S. lalandi  0.102 0.132 0.101 0.093 0.124 0.132 0.071 0.103 -  
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Table 2.4: Uncorrected pairwise distances (p-distances) for the nine species of the genus Seriola for RAG1 






















S. rivoliana  - 0.005 0.008 0.003 0.008 0.005 0.011 0.003 0.008 0.008 
S. fasciata  0.018 - 0.008 0.005 0.003 0.000 0.011 0.005 0.008 0.003 
S. zonata  0.017 0.019 - 0.008 0.007 0.007 0.011 0.005 0.008 0.008 
S. dumerili  0.009 0.014 0.010 - 0.008 0.005 0.011 0.003 0.008 0.008 
S. carpenteri  0.019 0.004 0.020 0.015 - 0.003 0.013 0.007 0.010 0.001 
S. peruana  0.018 0.003 0.019 0.014 0.004 - 0.011 0.005 0.008 0.003 
S. 
quinqueradiata 0.017 0.019 0.009 0.010 0.020 0.019 - 0.009 0.005 
0.015 
S. hippos 0.010 0.012 0.008 0.003 0.013 0.012 0.008 - 0.006 0.008 
S. lalandi  0.018 0.020 0.010 0.011 0.021 0.020 0.008 0.009 - 0.012 
Seriola sp. 0.018 0.003 0.021 0.015 0.000 0.003 0.022 0.014 0.024 - 
 
2.3.7 Divergence times 
The calibrated molecular clock indicates an early Paleocene origin (54.79 MYA) for the genus 
Seriola (Table 2.5). Only divergence times (indicated as time to most recent common ancestor - 
TMRCA) for the three well-supported groupings found by the phylogenetic analyses are 
presented. All three main groupings originated approximately at the same time during the early 
Miocene (14.85 MYA for S. carpenteri, S. fasciata and S. peruana; 16.45 MYA for S. rivoliana 
and S. dumerili; 17.87 MYA for S. lalandi and S. quinqueradiata); with most of the species 
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This study represents the first phylogenetic analysis of the genus Seriola. The evolutionary 
relationships within Seriola were based on analyses of mitochondrial- (Cytb and COI) and 
nuclear DNA sequences (RAG1 and Rhod), both separately and in combination. The 
mitochondrial- and nuclear phylogenies were largely congruent. The Cytb genealogy showed a 
higher resolution in terms of well-supported terminal clades compared to the nuclear fragments. 
The RAG1 tree was more resolved than the tree based on the Rhod gene, which seemed to have a 
slower rate of molecular evolution and lower sequence divergence.  
 
For most of the molecular phylogenies generated, three main groupings could be found: a 
grouping of S. fasciata and S. peruana, with S. carpenteri as sister grouping (Cytb, RAG1 and 
Rhod), a S. dumerili and S. rivoliana grouping (Cytb, RAG1 and Rhod) and a S. lalandi and S. 
Node description TMRCA 
Root age 54.79 (52.786 - 56.803) 
S. carpenteri, S. fasciata and S. peruana clade 14.85 (3.982 - 24.082) 
S. fasciata and S. peruana clade 3.28 (2.907 - 3.673) 
S. rivoliana and S. dumerili clade 16.45 (4.140 - 29.910) 
S. lalandi and S. quinqueradiata clade 17.87 (5.365 - 32.8554) 
S. rivoliana clade 5.43 (0.608 - 12.021 
S. fasciata clade 1.78 (0.845 - 2.730) 
S. zonata clade 1.76 (0.028 - 5.485) 
S. dumerili clade 3.79 (0.377 - 8.903) 
S. carpenteri clade 3.05 (0.280 - 7.060) 
S. quinqueradiata clade 1.32 (0.033 - 3.850) 
S. hippos clade 1.90 (0.084 - 5.747) 
S. lalandi clade 9.03 (2.631 - 17.476) 
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quinqueradiata clade (Cytb, COI, RAG1 and Rhod). However, the relationship between these 
groupings differed between datasets. For example, the S. lalandi / S. quinqueradiata clade is the 
earliest diverging in the Cytb and Rhod trees, while in the RAG1 and COI topologies this species 
cluster is most derived. This clade was also placed basal in the combined trees. More significant 
however, is the placement of S. zonata and S. hippos with respect to the other species in the 
separate datasets. Three of the five topologies (Cytb, RAG1 and Rhod) show a relationship 
between S. hippos and the S. dumerili / S. rivoliana clade, but no support was found for this 
grouping except for the ML bootstrap value for RAG1 (75%) and the MP bootstrap value for 
Cytb (67%). The relationship between S. zonata and the S. lalandi / S. quinqueradiata clade was 
only found in the combined- and RAG1 topologies. Here the support values for this clade were 
high for RAG1 (MP = 86%, ML = 88%, BI = 1.00), with the combined tree showing low 
bootstrap support values (MP = 47%, ML = 57%) but a high Bayesian posterior probability 
(0.98). In the combined dataset, nodal support was overall higher.  
 
Several studies have used the four different markers employed in the current study to resolve the 
evolutionary relationships of marine fishes (Tang et al., 2010, 2011), which resulted in robust 
and well-resolved phylogenies and all the gene fragments used in this study resolved the 
relationship between the Seriola species to some extent. Within the current study, Cytb and 
RAG1 seem to be the most informative regions, resulting in the most robust and best-supported 
trees. Cytochrome b has been the preferred DNA fragment in studies of the phylogenetic 
relationship between carangid genera and tribes (Reed et al., 2002) and for intraspecific 
relationships within carangid genera (Selene; Reed et al., 2001; Trachurus; Poulin, 2004; 
Cárdenas et al., 2005; Bektas and Belduz, 2008). Several phylogenetic studies on other marine 
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species also found RAG1 to be highly informative (Chen et al., 2007; Vélez-Zuazo and 
Agnarsson, 2011). The phylogenetic analysis of the Rhod gene fragment did resoled the main 
Seriola groupings; however some of the support values (bootstrap and posterior probabilities) 
were very low. Rhodopsin (Rhod) is connected with light vision and in fish species it may be 
under selection because of the various light intensities within the aquatic environment. For 
example, in sand gobies (Pomatoschistus minutus) substantial intraspecific variation and local 
adaptation to light conditions was found in Rhod; thereby showing a strong positive selection to 
dim-light conditions (Larmuseau et al., 2009). The fact that Rhod is possibly under selection 
probably makes it a less ideal marker to use in phylogenetic studies; however several studies 
found this gene useful in resolving phylogenetic relationships (e.g. Acanthomorpha; Chen et al., 
2002; Gerreidae; Chen et al., 2007; Liu et al., 2010; Lin and Hastings, 2011). In the current 
study there was a problem amplifying the COI fragment in three of the nine Seriola species. The 
phylogenies did support the monophyly of the species, however only the S. lalandi / S. 
quinqueradiata clade could be recovered. The effectiveness of COI was shown in several 
phylogenetic studies (e.g. Channa species; Larka et al., 2010; characid species; Javonillo et al., 
2010; Etmopteridae species; Straube et al., 2010). Although the Cytb and RAG1 datasets 
produced well-supported phylogenies, the combined dataset lead to increased support values for 
most Seriola relationships. Thus, uncertainties due to differences in resolving power in 
individual gene trees may be resolved when datasets are combined. Phylogenetic analyses of 
combined datasets have been shown to resolve conflicts among individual fragment analyses 
(Gatesy et al., 1999; Hrbek et al., 2007; Gray et al., 2009).  
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Genetic divergence values based on the four genes proved to be sufficient to distinguish between 
different Seriola species. These values were within the range reported for other teleost species 
for Cytb (0.26 - 26.3% in Carangidae species; Reed et al., 2002); COI (1.04 - 35.72% in 
Australian fishes; Ward et al., 2005); RAG1 (0.5 - 2.7% in Pseudoplatystoma; Carvalho-Costa et 
al., 2011) and Rhod (0.5 - 2% in Atherinidae; Pujolar et al., 2012). The observed transition vs. 
transversion ratios in Seriola are also comparable to those of many other teleost species 
(Sciaenidae fish; Vinson et al., 2004; Australian fishes; Ward et al., 2005; Trichiurus species; 
Chakraborty et al., 2006). The bias against guanine found in all four DNA fragments has been 
frequently observed in several teleost species (e.g. Stromateoid fishes; Doiuchi and Nakabo, 
2006; Trachurus species; Bektas and Belduz, 2008; Macronectes species; Techow et al., 2010). 
 
2.4.1 Genetic relationships within the Genus Seriola 
All phylogenetic analyses confirm the monophyly for each of the Seriola species, The two 
unidentified Seriola samples of (referred to as Seriola sp.) show a close relationship with S. 
carpenteri. Within most of the datasets, three main groupings can be found: a ((S. fasciata and S. 
peruana), S. carpenteri) grouping, a (S. dumerili and S. rivoliana) grouping and a (S. lalandi and 
S. quinqueradiata) clade.  The close association between S. fasciata and S. carpenteri was also 
found by Reed et al. (2002) in a phylogenetic study of the family Carangidae. 
 
The phylogenetic placement of S. hippos and S. zonata could not be determined in the current 
study. While S. zonata shows a close relationship to the S. lalandi / S. quinqueradiata grouping 
in the combined dataset, this was only supported in the RAG1 analysis. Within the Cytb and 
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Rhod phylogenies, S. zonata appears to be basal to the group containing the rest of the Seriola 
species.  
 
It is well-known that selection of appropriate outgroup taxa are imperative to resolve the 
relationships between groupings within phylogenetic analyses. Each of the outgroup species in 
the current study was from a different tribe in the Carangidae (Carangini - Pseudocaranx dentex; 
Trachinotini - Trachinotus ovatus; Scomberoidini - Coryphaena equiselis). An outgroup within 
the tribe Naucratini might have been more appropriate due to the closer relationship of species in 
this tribe to Seriola (Reed et al., 2002). However the Naucritini consists mostly of the genus 
Seriola with the other genera in the tribe, Elagatis, Seriolina, Naucrates and Campogramma 
(Smith-Vaniz, 1984) being monotypic (one species in the genus). Samples of these genera are 
consequently hard to find.  
 
2.4.2 Biogeography of Seriola 
Irrespective of the remaining phylogenetic ambiguities, several biogeographical patterns emerge 
from the current study. The first important pattern is the separation of the temperate species (S. 
lalandi / S. quinqueradiata) as one monophyletic group. A second is the sister relationship of 
two widespread pelagic species, S. dumerili and S. rivoliana. The observation of the sister group 
relationship within the ((S. fasciata and S. peruana), S. carpenteri) clade, may however be one of 
the most significant results of this study. Species of this clade are mainly found in the Atlantic 
Ocean with the exception of S. peruana which is restricted to the tropical waters off the coast of 
the western part of Central America. Seriola carpenteri has a limited distribution off the coast of 
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Africa, while S. fasciata can be found on both sides of the Atlantic. This suggests that this clade 
probably has an Atlantic origin.  
 
There are several hypotheses as to the origin of the Atlantic species: 1) these species  are Tethys 
relicts present prior to the Tethys Sea closure about 12 - 20 MYA (Dercourt et al., 1986), 2) 
these taxa had a West Atlantic–East Pacific origin prior to the rise of the Isthmus of Panama 
about 3.1 MYA (Coates and Obando, 1996), 3) these species radiated within the Atlantic, or 4) 
there was an Indo-Pacific invasion by means of southern Africa (Floeter et al., 2008; Bowen and 
Biggs, 2013). When considering the divergence time of the ((S. fasciata and S. peruana), S. 
carpenteri) clade (14.85 MYA) estimated in the current study, the closure of the Tethys Sea is 
however, suggested to have played the most important role in the origin of this clade.  
 
The biogeographic history of many marine species originated when their ancestors, present in the 
Tethys Sea, were separated by the division of this single body of water into the present day 
Mediterranean Sea (western part of the Tethys) and the present day Indian Ocean (eastern part of 
the Tethys) during the Early Miocene (12 - 20 MYA; Dercourt et al., 1986). Therefore, the 
Atlantic Ocean most probably became separated from the Indian Ocean around this time 
(Steininger and Rögl, 1984; reviewed in Barber and Bellwood, 2005) and has not been connected 
until the construction of the Suez canal in 1869. The Tethys Sea closure is postulated as the first 
major event shaping the phylogenetic relationship in Seriola; thus representing an example of 
vicariance (i.e. the separation of a species into two or more fragments through the occurrence of 
a geographical barrier or barriers). The S. fasciata / S. peruana / S. carpenteri / Seriola sp. clade 
was estimated to have originated 13 MYA; which falls within the time period of the closing of 
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the Tethys Sea. In this vicariant setting, the ancestral Seriola populations for this clade became 
separated in the Mediterranean Sea, and could then subsequently disperse across the Atlantic 
Ocean and diverge into different species. Similar sister group relationships resulting from the 
Tethys Sea closure has been observed in other marine fish, e.g. Trachurus species (Cárdenas et 
al., 2005), needlefishes (Banford et al., 2004), and angel sharks (Stelbrink et al., 2010).  
 
Within the Tethys Sea the original fauna was tropical, however during the Oligocene and Early 
Miocene (~ 23 - 18 MYA) water temperatures decreased (Berggren and Hollister, 1975). This 
cooling of the oceanic waters may have caused the ancestral Seriola populations to move 
southward along the coast of West Africa to warmer waters and westward across the Atlantic 
Ocean, thus giving rise to S. carpenteri and S. fasciata.  
 
However, more noteworthy with regards to paleo- and biogeography for the S. fasciata / S. 
peruana / S. carpenteri clade is the sister group relationship of S. peruana and S. fasciata, which 
occur in the eastern central Pacific and in the Atlantic, respectively; thus separated by the 
Panama land bridge. Jordan (1908) was one of the first authors to point out the morphological 
similarities between teleost fish species on either side of the Panamanian isthmus, consequently 
these species can be regarded as identical species in the past. He also proposed that this 
relationship between the ‘‘geminate species” (twin species) might be a consequence of earlier 
geological events, particularly, the rise of the Isthmus of Panama during the Miocene (Jordan, 
1908). Several studies on Central America geology (reviewed in Kirby et al., 2008) have shown 
that the rise of the Panamanian isthmus was a successive process beginning in the Middle 
Miocene (ca. 20 MYA) and ending in the Late Pliocene with the final rise of the Panamanian 
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isthmus ca. 3.5 - 2.9 MYA (Bermingham et al., 1997; Kirby et al., 2008). Therefore, the 
Panamanian isthmus was constantly rising or submerging within this period. During the 
submerging of the Panamanian isthmus several narrow straits including the Culebra Strait and 
Atrato Seaway might have provided the opportunity for gene flow between Seriola populations 
on both sides. However, gene flow was completely disrupted by the final rise of the Panamanian 
isthmus during the Late Pliocene (3.5 - 2.9 MYA). In this manner S. peruana could have been 
separated from the Atlantic species.  The rise of the Panamanian isthmus has been found to have 
been a driving force for speciation in many marine genera (e.g. hake species; Grant and Leslie, 
2001; Trachurus species; Cárdenas et al., 2005; Moray eels; Reece et al., 2010; angel sharks; 
Stelbrink et al., 2010; coastal marine snails; Miura et al., 2010; angelfishes; Alva-Campbell et 
al., 2010). 
 
Divergence estimates in the current study suggest that the S. rivoliana and S. dumerili clade and 
the S. lalandi and S. quinqueradiata clade originated in the Miocene (~ 18 - 16 MYA). However, 
while S. dumerili and S. rivoliana are tropical / subtropical species, S. lalandi and S. 
quinqueradiata adapted to more temperate conditions. The last 22.5 MYA are marked by a long-
term decline in global temperatures, with steep drops during the mid-Miocene (~ 16 - 11 MYA) 
and late Pliocene (~ 2.5 - 6 MYA; Zachos et al., 2001). The S. lalandi and S. quinqueradiata 
clade could have adapted to colder sea temperatures and became separated from the rest of the 
Seriola species in the North Pacific. The remainder of Seriola species (S. rivoliana, S. dumerili, 
S. hippos and S. zonata) probably evolved within the tropical waters of the Indo-Pacific. The 
North Pacific is a hot spot for speciation in numerous species (Briggs and Bowen, 2013). 
Speciation could have occurred during the glacial- or interglacial events during the Pliocene. 
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Seriola quinqueradiata probably became separated from an ancestral S. lalandi population 
during these periods of variable conditions on the western side of the North Pacific. The complex 
geological history of the western side of the North Pacific with periodic isolations of the Sea of 
Japan and the Okhotsk Sea played an important role in the diversification of numerous fish taxa 
(Cottidae, Zoarcidae and Liparididae, the genera Oncorhynchus and Sebastes; Hyde and Vetter, 
2007; Briggs and Bowen, 2013). Interestingly, a subspecies of S. lalandi (S. lalandi aureovittata; 
Asian yellowtail) also became isolated in this area (see chapter 3). Therefore, these two species 
could have evolved sympatrically (speciation of two species in the same area with no obvious 
barrier) in the western North Pacific or more likely allopatrically by becoming isolated in 
different areas (western and eastern side) with re-colonisation of the area by S. lalandi. Seriola 
lalandi populations subsequently dispersed to the southern hemisphere. A number of cold-
temperate southern hemisphere taxa originated in the North Pacific (Hyde and Vetter, 2007; 
Adey et al., 2008; Bolton, 2010). These species spread south through isothermic submergence, 
whereby species move beneath the tropics at great depth to maintain a suitable temperature or in 
the case of coastal temperate species, migrating south by using upwelling systems as stepping 
stones to cross the tropics (Lindberg, 1991).  
 
Most of the Seriola species are pelagic with great dispersal capabilities and have a circumglobal 
distribution (S. lalandi, S. dumerili, S. rivoliana, and S. zonata). These species radiated in the 
Pliocene and following range expansion with secondary contact of formerly allopatric clades 
may have resulted in this sympatric distribution of Seriola species. Dispersal into the Atlantic 
Ocean for all these species was via the southern African pathway. Although this pathway was 
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closed by the onset of cold-water (Benguela) upwelling about 2.5 MYA, it did periodically open 
at the end of each Pleistocene glacial cycle (Shannon, 1985; Peeters et al., 2004). 
 
With the unclear placement in the phylogeny of the S. dumerili / S. rivoliana, S. zonata and S. 
hippos clades, the origin of these species can only be discussed in broad terms. Seriola zonata 
most likely evolved in conjunction with the S. lalandi / S. quinqueradiata clade. Validation for 
this is that this species forms a sister clade to the S. lalandi / S. quinqueradiata clade in the 
combined phylogeny and this species also occurs in temperate waters (although it is also found 
in the subtropical waters). Seriola hippos probably originated along the Australian coast from the 
Indo-Pacific ancestral group during these glacial- or interglacial cycles in the Pliocene.  
 
In conclusion, various paleo-oceanographic events have shaped the evolution of Seriola and 
examining how these may explain the phylogenetic relationshipsobserved in the current study 
have broadened our understanding of this genus.  
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Chapter 3: The Global Genetic Structure of Yellowtail  
(Seriola lalandi) 
3.1 Introduction  
The genetic structure of populations in marine environments can be complex. Marine species 
often show patterns of low genetic structuring, which is frequently the product of high gene flow 
between ocean basins (Ward et al., 1994; Chow et al., 2009). Such high gene flow is generally 
the result of high dispersal capabilities (as either adult or larvae), their large distribution ranges 
and large effective population sizes. However, ecological (e.g. homing behaviour or discrete 
spawning units) and physical (e.g. past changes in sea temperature levels or / and present-day 
oceanic barriers such as currents or deep oceanic waters) factors can limit gene flow resulting in 
genetic variation between populations. The latter is evident through the many studies of pelagic 
species that show high levels of genetic structure between ocean basins (e.g. Ruzzante et al., 
2000; McPherson et al., 2004; Chiang et al., 2008).  
 
The yellowtail kingfish (Seriola lalandi; Valenciennes, 1833) is a commercially valuable pelagic 
fish species with a non-equatorial distribution, that is found along the coast of most continents 
and islands within the Atlantic and Pacific oceans (Fig. 3.1; Nugroho et al., 2001). Due to their 
fast growth rate, meat quality and suitability for off-shore cage farming, they are commercially 
farmed in Japan, China, New Zealand and Australia (Fowler et al., 2003; Poortenaar et al., 2003; 
Ohara et al., 2005; Nakada, 2008; Miller et al., 2011).  
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Within S. lalandi three morphologically similar, but geographically separated subspecies 
(Poortenaar et al., 2003) have been recognised (Smith-Vaniz, 1984): S. lalandi dorsalis 
(California yellowtail; Gill, 1863), S. lalandi aureovittata (Asian yellowtail; Schlegel, 1844) and 
S. lalandi lalandi (Southern yellowtail; Cuvier and Valenciennes, 1833). These subspecies are 
mainly recognised because of their disjunct distribution (Fig. 3.1) but it is unlikely that fishes 
from disjunct localities mix, although this has not been tested. California yellowtail are found off 
the coast of North America, Asian yellowtail off the coast of Japan and China, with the Southern 
yellowtail distributed throughout the waters of the southern hemisphere. 
 
 
Fig. 3.1: Distribution ranges of Seriola lalandi subspecies: S. l. dorsalis (dark green), S. l. aureovittata (light 




JA = 19 
NZL = 23  
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Yellowtail can grow to approximately 2.5m in length, weigh on average 70kg (Gomon et al., 
2008) and can be found in coastal waters with temperatures between 18 - 24°C, from the shore to 
the edge of the continental shelf (Wolvaardt, 2007). Interestingly, during an individual 
yellowtails’ lifetime it can be both pelagic and demersal, which means they spend part of their 
lives roaming the oceans and the other part remaining close to the benthos. Juveniles are 
generally found schooling in warmer offshore waters with adults preferring to live a solitary life, 
or in small groups, inside the continental shelf. Juvenile yellowtail are often found sheltering 
within floating seaweed; suggesting the possible passive dispersal of juvenile S. lalandi (Diggles, 
2002). In a tag-recapture study on yellowtail in New Zealand recapture rates varied among areas, 
fishermen and sizes of fish, with larger fish dispersing larger distances than smaller fish 
(Gillanders et al., 2001). The majority of fish recaptures occurred within 50km from where they 
were tagged; although some indication of further movement was found with the maximum 
distance travelled being 3 000km (Gillanders et al., 2001). 
 
Currently, limited information is available on the biology and behaviour of S. lalandi and 
moreover, little is known about the genetic structure of this species. Only two studies have 
investigated phylogeographic patterns in S. lalandi to date. Nugroho et al. (2001) found 
significant differentiation between populations from Japan and those from Australia and New 
Zealand based on six microsatellite markers and mtDNA control region data. Furthermore, a 
fine-scale study along the Australian coast by Miller et al. (2011) found significant population 
differences between the west and east coast of Australia. These authors used seven microsatellite 
loci and mtDNA (ND4) sequence data to analyse a total of 272 individuals sampled from New 
Zealand, New South Wales, Victoria, South Australia and Western Australia. However, sampling 
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locations in these studies were limited and samples from over the entire distribution range of a 
species are needed to gain insights into the contemporary and historical factors shaping all extant 
S. lalandi populations.  
 
In the current study global patterns of genetic variation within S. lalandi were examined with the 
use of mtDNA and nuclear DNA sequence data. The primary aim was to investigate the global 
genetic structure of S. lalandi. A secondary aim was to confirm the systematics of the three 
geographically distinct subspecies within S. lalandi. Due to the disjunct nature of the S. lalandi 
subspecies, one would expect three genetic groupings corresponding to the subspecies’ 
distribution. A final aim was to infer the processes (such as barriers to gene flow and vicariant 
events) shaping the population structure within this species.  
 
3.2 Material and methods 
A total of 190 individuals (comprising individuals of all three subspecies) of S. lalandi were 
collected from locations around the globe (Table 3.1; USA = 27, JA = 19, SA = 62, NZL = 23, 
AUS = 25, CH = 34; Fig. 3.1). All samples were preserved in 95% (v/v) ethanol. Genomic DNA 
extraction, polymerase chain reaction (PCR) amplifications, PCR product purification, and DNA 
sequencing was carried out using the methods described in Chapter 2. Amplification and 
sequencing for Cytb, COI and RAG1 was performed with the primer pairs described in Chapter 
2. Sequences were edited and manually aligned with BioEdit v7 (Hall, 1999) and alignments 
were checked in ClustalX v1.81 (Thompson et al., 1997). 
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Table 3.1: The Seriola lalandi specimens examined, with sampling locality and sample ID. 
Country Locality Sample ID 
Australia  New South Wales SL3
 d
 
(AUS) New South Wales SL4
 d
 
 New South Wales SL5
 d
 
 New South Wales SL6
 d
 
 New South Wales SL7
 d
 
 New South Wales SL8
 d
 
 New South Wales SL9
 d
 
 New South Wales SL10
 d
 
 New South Wales SL11
 d
 
 New South Wales SL12
 d
 
 New South Wales SL13
 d
 
 New South Wales SL14
 d
 
 New South Wales SL15
 d
 
 New South Wales SL16
 d
 
 New South Wales SL19
 d
 
 Lord Howe Island SL21
 c
 
 Lord Howe Island SL22
 c
 
 Lord Howe Island SL23
 c
 
 Lord Howe Island SL24
 c
 
 Lord Howe Island SL25
 c
 
 Lord Howe Island SL26
 c
 
 Lord Howe Island SL27
 c
 
 Lord Howe Island SL28
 c
 
 Lord Howe Island SL29
 c
 
 Lord Howe Island SL30
 c
 
New Zealand  Tauranga SL41 
f
 
(NZL) Tauranga SL42 
f
 
 Tauranga SL43 
f
 
 Tauranga SL44 
f
 
 Tauranga SL45 
f
 
 Tauranga SL46 
f
 
 Tauranga SL47 
f
 
 Tauranga SL48 
f
 
 Tauranga SL49 
f
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 Tauranga SL50 
f
 
 Tauranga SL51 
f
 
 Tauranga SL52 
f
 
 Tauranga SL53 
f
 
 Tauranga SL54 
f
 
 Tauranga SL55 
f
 
 Tauranga SL56 
f
 
 Tauranga SL57 
f
 
 Tauranga SL58 
f
 
 Tauranga SL59 
f
 
 Tauranga SL60 
f
 
 Tauranga SL65 
f
 
 Tauranga SL66 
f
 
 Tauranga SL67 
f
 
Chile Antofagasta coast SL77 
g
 
(CH) Antofagasta coast SL78 
g
 
 Antofagasta coast SL79 
g
 
 Antofagasta coast SL81 
g
 
 Antofagasta coast SL82 
g
 
 Antofagasta coast SL83 
g
 
 Antofagasta coast SL84 
g
 
 Antofagasta coast SL85 
g
 
 Antofagasta coast SL86 
g
 
 Antofagasta coast SL87 
g
 
 Antofagasta coast SL88 
g
 
 Antofagasta coast SL89 
g
 
 Antofagasta coast SL90 
g
 
 Antofagasta coast SL91 
g
 
 Antofagasta coast SL92 
g
 
 Antofagasta coast SL93 
g
 
 Antofagasta coast SL94 
g
 
 Antofagasta coast SL95 
g
 
 Antofagasta coast SL96 
g
 
 Antofagasta coast SL97 
g
 
 Antofagasta coast SL101 
g
 
 Antofagasta coast SL102 
g
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 Antofagasta coast SL103 
g
 
 Antofagasta coast SL104 
g
 
 Antofagasta coast SL107 
g
 
 Antofagasta coast SL108 
g
 
 Antofagasta coast SL109 
g
 
 Antofagasta coast SL110 
g
 
 Antofagasta coast SL111 
g
 
 Antofagasta coast SL112 
g
 
 Antofagasta coast SL113 
g
 
 Antofagasta coast SL114 
g
 
 Antofagasta coast SL115 
g
 
 Antofagasta coast SL116 
g
 
Japan Fukuoka, Kyushu (Sea of Japan) 901
 b
 
(JA) Fukuoka, Kyushu (Sea of Japan) 902
 b
 
 Fukuoka, Kyushu (Sea of Japan) 903
 b
 
 Fukuoka, Kyushu (Sea of Japan) 904
 b
 
 Fukuoka, Kyushu (Sea of Japan) 905
 b
 
 Fukuoka, Kyushu (Sea of Japan) 906
 b
 
 Fukuoka, Kyushu (Sea of Japan) 907
 b
 
 Fukuoka, Kyushu (Sea of Japan) 908
 b
 
 Fukuoka, Kyushu (Sea of Japan) 909
 b
 
 Fukuoka, Kyushu (Sea of Japan) 910
 b
 
 Fukuoka, Kyushu (Sea of Japan) 911
 b
 
 Fukuoka, Kyushu (Sea of Japan) 912
 b
 
 Fukuoka, Kyushu (Sea of Japan) 913
 b
 
 Fukuoka, Kyushu (Sea of Japan) 914
 b
 
 Fukuoka, Kyushu (Sea of Japan) 915
 b
 
 Fukuoka, Kyushu (Sea of Japan) 916
 b
 
 Fukuoka, Kyushu (Sea of Japan) 917
 b
 
 Fukuoka, Kyushu (Sea of Japan) 918
 b
 
 Fukuoka, Kyushu (Sea of Japan) 920
 b
 




















































































South Africa  Suidwest rift A1
 a
 
(SA) North Blinder B1
 a
 
 North Blinder B2
 a
 
 North Blinder B3
 a
 
 North Blinder B4
 a
 
 North Blinder B5
 a
 
 North Blinder B6
 a
 
 North Blinder B7
 a
 
 North Blinder B8
 a
 
 North Blinder B9
 a
 
 North Blinder B10
 a
 




































 West of Robben Island D1
 a
 









 Cape Point / False Bay E1
 a
 
 Cape Point / False Bay E2
 a
 
 Cape Point / False Bay E3
 a
 
 Cape Point / False Bay E4
 a
 
 Cape Point / False Bay E5
 a
 
 Cape Point / False Bay E6
 a
 
 Cape Point / False Bay E7
 a
 
 Cape Point / False Bay E8
 a
 
 Cape Point / False Bay E9
 a
 
 Cape Point / False Bay E10
 a
 
 Whale Rock D5
 a
 
 Whale Rock D6
 a
 
 Struis Bay F1
 a
 
 Struis Bay F2
 a
 
 Struis Bay F3
 a
 
 Struis Bay F4
 a
 
 Struis Bay F5
 a
 
 Struis Bay St1
 a
 
 Struis Bay St2
 a
 
 Struis Bay St3
 a
 
 Struis Bay St4
 a
 
 Struis Bay St5
 a
 
 St. Helena Bay H1
 a
 
 St. Helena Bay H2
 a
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 St. Helena Bay H3
 a
 
 St. Helena Bay H4
 a
 
 Port Elizabeth Riy1
 a
 
 Port Elizabeth Riy2
 a
 
 Port Elizabeth Riy3
 a
 
 Port Elizabeth Riy4
 a
 
 Port Elizabeth Riy5
 a
 
 Port Elizabeth Riy6
 a
 
 Port Elizabeth Riy7
 a
 
 Port Elizabeth Riy8
 a
 
 Port Elizabeth G1
 a
 
 Port Elizabeth G2
 a
 
Samples were contributed by 
a
 Sven Kerwath, 
b
 Natalie Martinez-Takeshita, 
c




 HJ Walker, 
f




3.2.1 Data analyses 
Six different geographic populations were defined prior to analysis according to geographic 
origin (JA, USA, SA, NZL, AUS, CH). Sample localities within countries were pooled. 
Haplotype diversity (h), nucleotide diversity (π) and uncorrected genetic distances (p-distances) 
were calculated in ARLEQUIN v3.1 (Excoffier et al., 2005) for each of the six “populations” for 
each gene fragment. Median-joining haplotype networks for each of the three gene regions 
separately were constructed with NETWORK v4.610 (Bandelt et al., 1999).  
 
3.2.1.1 Phylogenetic analysis 
Phylogenetic relationships between the S. lalandi haplotypes identified by the haplotype network 
analyses were investigated using three phylogenetic reconstruction methods: Maximum 
parsimony (MP), Maximum likelihood (ML) and Bayesian inference (BI). The same parameters 
as in Chapter 2 were used for reconstructing the phylogenetic trees in MEGA v4.02 (Tamura et 
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al., 2007), PHYML v2.4.4 (Guindon and Gascuel, 2003) and MrBayes v3.1.2 (Ronquist and 
Huelsenbeck, 2003), respectively. Models implemented in ML and BI analysis were identified in 
jModelTest v0.1.1 (Posada, 2008) utilising the Akaike Information Criterion (AIC) method. 
These models were Hasegawa-Kishino-Yano with a proportion of invariable sites (HKY+I) for 
Cytb, general time-reversible model with a proportion of invariable sites (GTR+I) for COI and 
Hasegawa-Kishino-Yano with a proportion of invariable sites, plus gamma (HKY+I+G) for 
RAG1.  
 
The Cytb, COI and RAG1 datasets were subsequently also combined and haplotypes obtained 
from networks drawn in the program NETWORK. For phylogenetic analyses of the combined 
multi-fragment dataset, two strategies were followed. First, a single concatenated dataset 
containing all the genes fragments and haplotypes was used to construct ML and MP 
phylogenies. For ML analysis jModelTest identified the GTR+I model as the best model to fit 
the data. Secondly, a mixed-model Bayesian analysis was performed on the partitioned (by gene) 
dataset. All phylogenetic trees were rooted using the sister taxon, S. quinqueradiata, as an 
outgroup species. 
 
3.2.1.2 Population structure 
To assess population differentiation and possible structure, analysis of molecular variance 
(AMOVA; Weir and Cockerham, 1984; Excoffier et al., 1992) tests were performed with 
ARLEQUIN . Tests were performed based on two grouping hypotheses: 1) between the three 
main groupings identified in NETWORK (JA, USA and {AUS/CH/NZL/SA}); 2) between the 
three main groupings plus an additional weaker grouping identified by NETWORK (JA, USA, 
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{AUS/NZL/CH} and SA). Pairwise population FST and ΦST comparisons (10 000 permutations) 
were performed in ARLEQUIN between sampling localities. Φ
ST
 was calculated under the 
Tamura and Nei (1993) nucleotide substitution model parameters.  
 
3.2.1.3 Demographic history  
To further assess the population history of the S. lalandi populations, Tajima’s D (Tajima, 1989) 
and Fu’s Fs (Fu, 1997) neutrality tests were performed. The Fu’s Fs and Tajima’s D tests were 
implemented in ARLEQUIN for each gene fragment (Cytb, COI, RAG1). The “populations” 
tested were the three main groupings identified in NETWORK (JA, USA, southern hemisphere 
{AUS/CH/NZL/SA}); the weaker groupings found within the southern hemisphere 
({AUS/NZL/CH} and SA) and all populations combined. The significance of all the tests was 
determined by 1 000 coalescent simulations.  
 
Mismatch distributions (frequency distributions of pairwise differences between sequences) were 
constructed for the four groupings identified in NETWORK (JA, USA, {AUS/NZL/CH} and 
SA) and all populations combined. Mismatch distribution and the demographic parameters τ, θ0 
and θ1 were estimated in ARLEQUIN and graphs were constructed using Microsoft Excel 2010. 
The sum of the squared differences (SSD) and raggedness index (r) between the observed and 
the estimated mismatch distribution test the overall validity of the estimated demographic model.  
 
3.2.1.4 Time of divergence 
Divergence times between the S. lalandi populations were estimated in BEAST v1.7.3 
(Drummond et al., 2012). BEAST uses a Bayesian MCMC approach that estimate the time to 
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coalescence. The most recent common ancestor (TMRCA) was calculated for the four groupings 
identified in this study (JA, USA, {AUS/NZL/CH} and SA). The time of divergence between the 
northern and southern hemisphere populations was also investigated by pooling the populations 
from each hemisphere ({JA/USA} and {AUS/NZL/CH/SA}). The program BEAUti v1.7.3 
(Drummond and Rambaut, 2007) was used to generate the input files for BEAST. Analyses were 
run under the strict molecular clock assumption using previously identified models of 
substitution for Cytb (HKY+I) and COI (GTR+I) and default priors. In the absence of clock 
calibration data (fossil) for S. lalandi, the conventional mutation rate of 2% per site per MYA for 
the mitochondrial genome was used for both gene fragments (Cytb and COI; Brown et al., 1979). 
A more conservative value of 1% per site per MYA for Cytb in teleost fish as suggested by Johns 
and Avise (1998) and Bermingham et al. (1997) was also used for the clock calibration. This 
conservative value was also used in the calculation of divergence times in other Carangidae 
species (Karaiskou et al., 2003; Cárdenas et al., 2005). Five independent runs with simulations 
of 10 million MCMC steps with sampling every 1 000 generations and a burn-in of 10% were 
computed in BEAST. After the first run the program TRACER v1.5 (Rambaut and Drummond, 
2007) was used to examine effective samples sizes (ESS) to assess if this parameter was above 
200 and if the parameter space had been efficiently searched. After the five runs TRACER was 
used to examine and combine the log files. 
 
3.3 Results 
Partial sequences were obtained for Cytb, COI, Rhod and RAG1. The discrepancy in the number 
of base pairs per gene fragment between this chapter en chapter 2 is the result of pruning of the 
3’ ends of the sequences.  
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3.3.1 Sequence variation 
A total of 50 haplotypes were obtained from 190 Cytb sequences (800bp), of which 35 were 
from single individuals. Of the 800bp, 69 nucleotide sites were variable, of which 44 were 
parsimony informative and 25 were singletons. Base composition analysis revealed a bias against 
guanine (A: 0.263; C: 0.352; G: 0.150; T: 0.243). The transition: transversion ratio (3.8/1) 
showed some bias towards transitions with a rate of R = 5.538. For the 190 COI sequences, 43 
haplotypes were retrieved. Thirty of these haplotypes were found only once. A sequence length 
of 460bp (45 variable sites, 33 parsimony informative sites) was obtained for the COI sequences. 
A bias against guanine (A: 0.226; C: 0.291; G: 0.199; T: 0.284) was observed. For the COI 
sequences, a transition bias was observed (transition: transversion ratio = 7.71/1; R = 3.218). A 
lower number of haplotypes (19) were obtained for the slower evolving nuclear gene RAG1 (190 
sequences). With a consensus length of 550bp, only 19 nucleotide sites were variable, while 
seven of these sites were parsimony informative. Base frequencies were A: 0.217; C: 0.252; G: 
0.296; T: 0.235 and the transition: transversion ratio was 4.4/1 (R = 14.124). 
 
Overall population haplotype diversity was high (Cytb = 0.923 ± 0.009; COI = 0.898 ± 0.012) 
with low nucleotide diversity (Cytb = 0.013 ± 0.007; COI = 0.009 ± 0.005). Moderate to high 
haplotype diversity and low nucleotide diversity for Cytb and COI sequences were found in all 
six sampling locations (Table 3.2). Overall haplotype- and nucleotide diversity was higher 
compared to those at each sampling location (Table 3.2). An overall high haplotype diversity 
(Cytb = 0.885 ± 0.013; COI = 0.847 ± 0.019) and low nucleotide diversity (Cytb = 0.004 ±0.002; 
COI = 0.003 ± 0.002) was found when only sampling sites in the southern hemisphere (AUS, 
NZL, CH, SA) were examined.  
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Table 3.2: Diversity measures for Cytb and COI in the Seriola lalandi populations. 
Population N nh S h Π 
Cytb      
North-eastern Pacific  





North-western Pacific  





South-eastern Atlantic  























COI      
North-eastern Pacific  
(USA) 





North-western Pacific  
(JA) 





South-eastern Atlantic  
(SA) 


























n, number of individuals; nh, number of haplotypes; S, number of polymorphic sites; h, gene diversity; and π, 
nucleotide diversity, with standard errors in brackets.  
 
The average uncorrected p-distances between the six geographical regions for Cytb ranged from 
0.1% between NZL, AUS and CH to 3.2% between SA and JA (Table 3.3). For COI it ranged 
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from 0.2% between NZL/AUS and CH to 2.2% between JA and NZL/AUS (Table 3.4). Low p-
distances were found for RAG1 (Table 3.5).  
 


























North-western Pacific  
(JA) 0.027 -     
South-eastern Atlantic  
(SA) 0.023 0.032 -    
South-western Pacific 
(NZL) 0.024 0.031 0.006 -   
South-western Pacific 
(AUS) 0.024 0.031 0.006 0.001 -  
South-eastern Pacific 
(CH) 0.024 0.031 0.006 0.001 0.001 - 
 


























North-western Pacific  
(JA) 0.017 -     
South-eastern Atlantic  
(SA) 0.017 0.019 -    
South-western Pacific 
(NZL) 0.019 0.022 0.005 -   
South-western Pacific 
(AUS) 0.019 0.022 0.005 0.002 -  
South-eastern Pacific 
(CH) 0.018 0.021 0.004 0.003 0.002 - 
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North-western Pacific  
(JA) 0.004 -     
South-eastern Atlantic  
(SA) 0.008 0.006 -    
South-western Pacific 
(NZL) 0.006 0.004 0.002 -   
South-western Pacific 
(AUS) 0.006 0.004 0.002 0.001 -  
South-eastern Pacific 
(CH) 0.006 0.004 0.002 0.000 0.000 - 
 
3.3.2 Haplotype networks 
Three distinct S. lalandi clades were identified in the median-joining networks for all three DNA 
fragments analysed (Fig. 3.2) corresponding to three different geographic regions (North-western 
Pacific - JA, North-eastern Pacific - USA, and the southern hemisphere). The southern 
hemisphere clade comprised of samples from the southern Pacific (AUS, NZL and CH) and the 
southern-eastern Atlantic (SA). Interestingly within this southern hemisphere clade, no 
haplotypes were shared between the southern Pacific and the South-eastern Atlantic sampling 
areas. However, within the southern Pacific clade haplotypes were shared over a vast 
geographical area (i.e. between Chile, New Zealand and Australia). Clades identified by the 
haplotype networks can be characterised in having a star-like shape; thus having several low 
frequency haplotypes that were one or a limited number of mutational steps removed from the 
most common haplotype(s).  
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Fig. 3.2: The median joining networks indicating the genetic relationships of the Seriola lalandi samples in 
this study. (a) network of the 50 Cytb haplotypes; (b) network of the 43 COI haplotypes; (c) network of the 19 
RAG1 haplotypes. Genetic haplotypes are represented by circles with sizes proportional to the number of 
individuals represented by that haplotype. Intermediate missing haplotypes are indicated as red dots. 
Connecting branch lengths are proportional to one base change, except where the actual lengths are indicated 
on the branches. 
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3.3.3 Phylogenetic relationships 
Haplotype sequences for Cytb (50; Appendix E), COI (42; Appendix F), and RAG1 (19; 
Appendix G) were used to reconstruct the phylogenetic relationship between S. lalandi 
populations. Three inference methods (MP, ML, and BI) were used to construct the phylogenetic 
trees using the datasets for each of the three gene fragments separate as well as for a combined 
dataset. The ML phylogenetic trees are presented for all datasets with bootstrap values (ML/MP) 
and posterior probabilities (BI) given for supported nodes (Fig. 3.3 - 3.6). The relationship 
between the S. lalandi populations will be discussed in detail following the summary of the basic 
results; however the phylogenetic relationship between S. lalandi populations differed somewhat 
depending on the dataset examined and inference method used. MP analysis of the Cytb dataset 
generated 1 957 equally parsimonious trees of 149 steps (CI = 0.792; RI = 0.935), for the COI 
dataset it produced 4 274 equally parsimonious trees with a length of 72 (CI = 0.847; RI = 0.930) 
and for RAG1 it resulted in 2 594 equally parsimonious trees (length = 32; CI = 0.813; RI = 
0.813). The phylogenetic analyses of the combined dataset was constructed using 91 haplotypes 
with a sequence length of 1 810bp of which 192 were variable and 135 parsimoniously 
informative. MP analysis produced 2 797 equally parsimonious trees of 255 steps (CI = 0.780; 
RI = 0.950).  
 
The presence of three main geographical groupings (North-western Pacific - JA, North-eastern 
Pacific - USA, and the southern hemisphere) was confirmed by the phylogenetic pattern obtained 
with the separate as well as combined datasets (Fig. 3.3 - 3.6). These three geographical clades 
are monophyletic and strongly supported (bootstrap ≥ 80 and posterior probabilities = 1.00; Fig. 
3.3, 3.4, 3.6) for the Cytb, COI and combined dataset. Within the RAG1 trees all three  




Fig. 3.3: The ML tree of the Cytb haplotypes. Numbers above branches are MP and ML bootstrap support. 
Only support values higher than 50 are indicated. Numbers below branches are Bayesian posterior 
probabilities. 




Fig. 3.4: The ML tree of the COI haplotypes. Numbers above branches are MP and ML bootstrap support. 








Fig. 3.5: The ML tree of the RAG1 haplotypes. Numbers above branches are MP and ML bootstrap support. 
Only support values higher than 50 are indicated. Numbers below branches are Bayesian posterior 
probabilities. 
 




Fig. 3.6: The ML tree of the combined haplotype dataset. Numbers above branches are MP and ML 
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geographic clades are resolved (albeit with weak or no support; Fig. 3.5). The relationships 
between the three geographical clades are not consistent in all dataset analyses. Even though the 
North-western Pacific (JA) and the North-eastern Pacific (USA) are sister taxa in the analysis of 
the Cytb, RAG1 and combined dataset (Fig. 3.3, 3.5, 3.6), the COI phylogenetic hypothesis 
shows a sister relationship between the North-eastern Pacific (USA) and the southern hemisphere 
(Fig. 3.4). There is also some discrepancy within the same dataset between phylogenetic 
methods. The sister taxa relationship between the North-western Pacific (JA) and the North-
eastern Pacific (USA) is supported by ML and BI analysis (bootstrap = 60 and posterior 
probabilities = 1.00; Fig. 3.6) in the combined dataset while in the MP phylogeny (not shown) 
the closer association of the North-eastern Pacific (USA) and the southern hemisphere is weakly 
supported with a bootstrap value of 55.  
 
Two clades can be recognised by the Cytb, COI and combined phylogenies (Fig. 3.3, 3.4, 3.6) 
within the southern hemisphere lineage: the southern Pacific (AUS, NZL and CH) and the South-
eastern Atlantic (SA). The southern Pacific grouping was only supported in the combined dataset 
for all three phylogenetic inferences (bootstrap value = 63/52 and posterior probabilities = 0.98; 
Fig. 3.6), while the validity of the South-eastern Atlantic grouping was only supported by ML 
bootstrap analysis. 
 
3.3.4 Population structure 
The AMOVA analysis of the three main clades (North-western Pacific, North-eastern Pacific, 
and the southern hemisphere) indicated high differentiation among clades and thus, among the 
geographic regions (COI: FST = 0.895, p  0.001; ΦST = 0.896, p  0.001; Cytb: FST = 0.940, p   
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Table 3.6: Pairwise FST and p-values (in brackets) below diagonal and ΦST and p-values (in brackets) above 






western   
Pacific 
(JA) 



















(p  0.001 ) 
0.927 
(p  0.001) 
0.952 
(p  0.001) 
0.977 
(p  0.001) 
0.953 
(p  0.001 
North-western Pacific  
(JA) 
0.918 
(p  0.001) - 
0.924 
(p  0.001) 
0.915 
(p  0.001) 
0.940 
(p  0.001) 
0.927 
(p  0.001) 
South-eastern Atlantic  
(SA) 
0.931 
(p  0.001) 
0.928 
(p  0.001) - 
0.675 
(p  0.001) 
0.734 
(p  0.001) 
0.690 




(p  0.001) 
0.913 
(p  0.001) 
0.694 
(p  0.001) - 
0.058 
(p = 0.003) 
0.034 




(p  0.001) 
0.938 
(p  0.001) 
0.750 
(p  0.001) 
0.058 
(p  0.001) - 
0.021 




(p  0.001) 
0.924 
(p  0.001) 
0.706 
(p  0.001) 
0.034 
(p = 0.018) 
0.021 
(p = 0.081) - 
 
0.001; ΦST = 0.939, p  0.001; RAG1: FST = 0.876, p  0.001; ΦST = 0.923, p  0.001). A second 
AMOVA analysis was carried out on four geographical groups where the southern hemisphere 
sampling sites were divided into the Atlantic (SA) and South Pacific groups (AUS/NZL/CH). 
These results corroborate the population structuring found in networks and phylogenetic 
analysis; however an additional split in the southern hemisphere is also evident (COI: FST = 
0.845, p  0.001; ΦST = 0.812, p  0.001; Cytb: FST = 0.909, p  0.001; ΦST = 0.911, p  0.001; 
RAG1: FST = 0.896, p  0.001ΦST = 0.897, p  0.001). Pairwise FST and ΦST values showed high 
levels of genetic differentiation between the northern and southern hemisphere groups (Table 3.6  
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Table 3.7: Pairwise FST and p-values (in brackets) below diagonal and ΦST and p-values (in brackets) above 






























(p  0.001) 
0.886 
(p  0.001) 
0.862 
(p  0.001) 
0.878 
(p  0.001) 
0.903 
(p  0.001) 
North-western Pacific  
(JA) 
0.859 
(p  0.001) - 
0.911 
(p  0.001) 
0.886 
(p  0.001) 
0.902 
(p  0.001) 
0.927 
(p  0.001) 
South-eastern Atlantic  
(SA) 
0.884 
(p  0.001) 
0.909 
(p  0.001) - 
0.550 
(p  0.001) 
0.588 
(p  0.001) 
0.560 




(p  0.001) 
0.883 
(p  0.001) 
0.550 
(p  0.001) - 
0.008 
(p = 0.242) 
0.092 




(p  0.001) 
0.900 
(p  0.001) 
0.588 
(p  0.001) 
0.007 
(p = 0.261) - 
0.184 




(p  0.001) 
0.926 
(p  0.001 
0.599 
(p  0.001) 
0.092 
(p  0.001) 
0.184 
(p  0.001) - 
 
Table 3.8: Pairwise FST and p-values (in brackets) below diagonal and ΦST and p-values (in brackets) above 





























(p  0.001) 
0.947 
(p  0.001) 
0.916 
(p  0.001) 
0.887 
(p  0.001) 
0.948 
(p  0.001) 
North-western Pacific  
(JA) 
0.767 
(p  0.001) - 
0.932 
(p  0.001) 
0.878 
(p  0.001) 
0.830 
(p = 0.000) 
0.930 
(p  0.001) 
South-eastern Atlantic  
(SA) 
0.946 
(p  0.001) 
0.931 
(p  0.001) - 
0.828 
(p  0.001) 
0.786 
(p  0.001) 
0.874 




(p  0.001) 
0.877 
(p  0.001) 
0.827 
(p  0.001) - 
0.009 
(p = 0.714) 
0.038 




(p  0.001) 
0.830 
(p  0.001) 
0.784 
(p  0.001) 
0.007 
(p = 0.748) - 
0.009 




(p  0.001) 
0.929 
(p  0.001) 
0.872 
(p  0.001) 
0.036 
(p = 0.117) 
0.008 
(p = 0.036) - 
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- 3.8). Within the southern hemisphere moderate genetic differentiation was found between the 
eastern Atlantic (SA) and the South Pacific (AUS/NZL/CH) groups. Little genetic structure was 
found in the southern Pacific, indicating high levels of gene flow within this region. 
 
3.3.5 Demographic history and neutrality  
The Tajima’s D and Fu’s Fs neutrality tests indicate whether a population’s size is constant 
(neutral); thus at mutation-drift equilibrium. Deviations from neutrality could be the consequence 
of selection, population expansion, -bottleneck, or mutation rate heterogeneity (Aris-Brosou and 
Excoffier, 1996). In addition to testing for neutrality, these statistics are also widely used to test 
for changes in population size (Ramos-Onsins and Rozas 2002; Mousset et al., 2004). Negative 
Tajima’s D values may either indicate population growth (after a bottleneck or after a small 
founder event) or a selective sweep. Positive Tajima’s D values on the other hand can imply 
positive and/or balancing selection, or an admixture of isolated populations (Rand, 1996). When 
these positive values are significant it can be a signal of genetic subdivision, population 
contraction, or diversifying selection. Negative Fu’s Fs values indicate an excess of recent 
mutations (thus an excess of rare alleles), with a large negative value taken as evidence for 
population growth (Fu, 1997). The Tajima’s D and Fu’s Fs neutrality tests, performed for each 
gene fragment, were all negative and mostly significant for each grouping examined as well as 
globally (Table 3.9 - 3.11) indicating that, under a neutral model, a demographic expansion event 
may have occurred. For the southern hemisphere and its two groupings ({AUS/NZL/CH} and 
SA) the D- and Fs values were all significant and negative, suggesting population growth. 
Further evidence for this is the large negative values of Fu’s Fs. Contrasting results were 
obtained for JA and USA. For JA, Tajima’s D values are all negative, but only RAG1 Tajima’s D 
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values showed significant results; while Fu’s Fs values for RAG1 and Cytb were significant. 
Non-significant Fu’s Fs values were found for USA with the RAG1 dataset while non-significant 
Tajima’s D values were observed for the Cytb sequences. Non-significant neutrality test values 
usually means the population size is constant. However in this case limited sample size for these 
groupings probably influenced the results (JA = 19, USA = 27) as these neutrality tests are more 
accurate in detecting population expansion for larger sample sizes (Fu, 1997; Ramos-Onsins and 
Rozas, 2002). Tajima’s D and Fu’s Fs values for the combined population gave contrasting 
results: although all values were negative for all the gene fragments, the values were non-
significant for Tajima’s D and significant for Fu’s Fs.  
 
Table 3.9: The results of the neutrality tests for the Cytb region, analysed per geographical grouping and for 
the overall population. 
Locality Tajima’s D p Fu’s Fs p 
North-eastern Pacific (USA) -0.785 0.233 -3.642 0.008 
North-western Pacific (JA) -1.340 0.091 -2.333 0.031 
Southern hemisphere (SA, NZL, AUS, CH) -2.008 0.010 -28.570 0.000 
South-eastern Atlantic (SA) -2.114 0.007 -11.819 0.000 
South Pacific (NZL, AUS, CH) -1.902 0.017 -16.927 0.000 
Overall -1.318 0.087 -24.820 0.000 
    Significant p-values indicated in bold 
 
Table 3.10: The results of the neutrality tests for the COI region, analysed per geographical grouping and for 
the overall population. 
Locality Tajima’s D p Fu’s Fs p 
North-eastern Pacific (USA) -2.182 0.004 -5.665 0.000 
North-western Pacific (JA) -1.046 0.160 -1.363 0.223 
Southern hemisphere (SA, NZL, AUS, CH) -1.630 0.039 -23.874 0.000 
South-eastern Atlantic (SA) -1.618 0.043 -9.035 0.000 
South Pacific (NZL, AUS, CH) -2.284 0.003 -21.061 0.000 
Overall -0.627 0.284 -10.708 0.033 
    Significant p-values indicated in bold 
Stellenbosch University  http://scholar.sun.ac.za
117 
 
Table 3.11: The results of the neutrality tests for the RAG1 region, analysed per geographical grouping and 
for the overall population. 
Locality Tajima’s D p Fu’s Fs p 
North-eastern Pacific (USA) -1.889 0.019 -0.981 0.173 
North-western Pacific (JA) -1.719 0.033 -2.677 0.000 
Southern hemisphere (SA, NZL, AUS, CH) -1.592 0.044 -12.964 0.000 
South-eastern Atlantic  (SA) -1.684 0.036 -2.975 0.016 
South Pacific (NZL, AUS, CH) -2.125 0.006 -16.737 0.000 
Overall -1.311 0.089 -12.328 0.001 
    Significant p-values indicated in bold 
 
In most cases the mismatch distributions from individual geographical groupings were unimodal, 
(Fig. 3.7) indicating sudden expansion. This is confirmed by the small and non-significant SSD 
and raggedness index values in all populations, suggesting that the distributions observed did not 
differ significantly from the distributions expected under a sudden demographic expansion 
model (Roger and Harpending, 1992; Schneider and Excoffier, 1999; Table 3.12). The overall 
mismatch distribution including all populations was bimodal for Cytb and COI (Fig. 3.7), with 
one mode related to the number of differences within the clades, and the other corresponding to 
the differences between the clades. 
 
These results agree with the network analysis (Fig. 3.2). The haplotype network of S. lalandi was 
characterised by a highly dominant central haplotype for each geographic grouping. Most other 
haplotypes were unique and separated from the central haplotypes by only one or two mutational 
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Table 3.12: Mismatch distribution estimates for the geographical groupings found in Seriola lalandi 
populations and for the overall population. The parameters of the sudden expansion model and goodness-of-










(AUS, CH, NZL) Overall 
Cytb      
Parameters      
Ө0  0.000 0.000 0.001 0.000 8.490 
Ө1 2.200 3.621 3.051 0.726 8.491 
τ 0.943 9.826 2.842 3.951 3.120 
Goodness of fit test      
SSD 0.00002 0.046 0.010 0.017 0.035 
p 0.750 0.200 0.650 0.400 0.250 
R 0.072 0.074 0.038 0.216 0.356 
p 0.850 0.550 0.800 0.550 0.300 
COI      
Parameters      
Ө0 0.000 0.000 0.000 0.00 0.000 
Ө1 0.993 2.223 31.040 0.971 4.941 
τ 4.203 1.530 0.666 4.042 9.778 
Goodness of fit test      
SSD 0.047 0.004 0.006 0.006 0.028 
p 0.300 0.750 0.000 0.600 0.600 
R 0.241 0.048 0.117 0.119 0.033 
p 0.600 0.900 0.650 0.850 0.750 
RAG1      
Parameters      
Ө0 0.094 0.000 0.000 0.000 0.275 
Ө1 0.107 0.446 0.179 0.223 3.035 
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τ 3.00 0.848 3.036 3.025 2.326 
Goodness of fit test      
SSD 0.023 0.005 0.0002 0.0007 0.0123 
p 0.000 0.000 0.200 0.250 0.500 
R 0.771 0.246 0.534 0.471 0.051 
p 0.900 0.950 0.800 0.750 0.550 
Ө0 = pre-expansion, Ө1 = post-expansion, τ = time in generations since expansion, SSD = sum of squared deviations, 
R = raggedness index, p = p-values. 
 
Cytb COI RAG1 
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Fig. 3.7: Mismatch distributions obtained with the mitochondrial (Cytb and COI) and nuclear (RAG1) DNA 
datasets. The simulated (red line) and observed (blue bars) frequency of distribution was plotted against the 
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3.3.6 Divergence estimates 
The estimated ages of divergence (TMRCA) for the four geographical groupings are given in 
Table 3.13. Relative similar estimates for TMRCA for each grouping was recovered, with the 
North-eastern Pacific (USA) probably the youngest (USA = 116 700 - 234 100 years, JA = 197 
700 - 449 700 years; SA = 217 100 - 432 700 years; South Pacific = 230 400 - 459 700 years). 
The South Pacific populations showed slightly older population expansions when compared to 
the Atlantic population (SA). When using a mutation rate of 2% per MYA, similar values for 
TMRCA was estimated for the two mtDNA fragments (Cytb and COI), suggesting that mutations 
accumulated within these regions at a similar rate. The northern hemisphere population 
originated approximately 681 500 - 1 565 400 years ago while different ages of origin was 
predicted by the two mtDNA fragments for the southern hemisphere groups (Cytb = 2 280 600 - 
4 564 000 and COI = 326 000).  
 
Table 3.13: Divergence times for Seriola lalandi populations. TMRCA values estimated using different 
mutation rates (%) and 95% confidence intervals (CI) in brackets for the two mtDNA fragments (Cytb and 
COI) are shown. 
 Cytb COI 
 1% 2% 2% 
North-eastern Pacific (USA) 234 100  
(79 200 - 412 600) 
116 700 
(37 829 - 205 100) 
225 100 
(82 226 - 381 500) 
North-western Pacific (JA) 449 700 
(207 000 - 702 100) 
224 000 
(107 700 - 351 500) 
197 700 
(55 043 - 372 100) 
South-eastern Atlantic (SA) 432 700 
(202 600 - 670 800) 
217 100 
(106 600 - 344 000) 
287 900 
(153 800 - 455 000) 
South Pacific (NZL, AUS, CH) 459 700 
(239 200 - 709 600) 
230 400 
(122 100 - 355 600) 
309 300 
(168 900 - 458 200) 
Northern hemisphere (USA, JA) 1 565 400 
(1 000 300 - 2 259 400) 
777 800 
(495 200 - 1 113 200) 
681 500 
(367 300 - 1 018 300) 
Southern hemisphere (SA, NZL, AUS, 
CH) 
4 564 000 
(3 554 600 - 5 570 800) 
2 280 600 
(1 793 000 - 2 790 000) 
326 000 
(197 900 - 475 800) 




In the current study the analyses of multi-locus datasets revealed for the first time the global 
population dynamics, diversification and history of S. lalandi. Three distinct geographical 
groupings (North-western Pacific - JA, North-eastern Pacific - USA, and the southern 
hemisphere) were identified over the entire distributional range of this species. Analyses of these 
lineages showed strong signatures of recent demographic expansions. These three clades 
correspond with the previously identified S. lalandi subspecies: North-eastern Pacific clade - S. 
lalandi dorsalis (California yellowtail; Gill, 1863), North-western Pacific clade - S. lalandi 
aureovittata (Asian yellowtail; Schlegel, 1844) and southern hemisphere clade - S. lalandi 
lalandi (Southern yellowtail; Cuvier and Valenciennes, 1833). 
 
3.4.1 Population structure 
Global population structure in marine vertebrates can range from relative little (e.g. Ward et al., 
1994; Chow et al., 2009) to highly structured populations (e.g. Ruzzante et al., 2000; McPherson 
et al., 2004; Chiang et al., 2008). For example, in pelagic species with a global distribution, 
population structure was detected only between ocean basins in species in highly mobile adults 
(e.g. shortfin mako, Isurus oxyrinchus; Schrey and Heist, 2003; basking shark, Cetorhinus 
maximus; Hoelzel et al., 2000; whale shark, Rhincodon typus; Castro et al., 2007). In contrast for 
less mobile, demersal or benthic species with more restricted geographic ranges, higher levels of 
intraspecific genetic differentiation were found (e.g. shovelnose guitarfish, Rhinobatus 
productus; Sandoval-Castillo et al., 2004; thornback ray, Raja clavata; Chevolot et al., 2006; 
zebra shark, Stegostoma fasciatum; Dudgeon et al., 2008). These differences in genetic 
differentiation among species are most probably influenced by their life history traits (such as 
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mobility). On the other hand, different patterns in genetic variation are also found in populations 
of closely related species with similar life histories (e.g. comparing the European seabass, 
Dicentrarchus labrax and the spotted seabass, D. punctatus; Bonhomme et al., 2002). Therefore 
it is evident that a number of factors (historical and contemporary) are involved in shaping 
population genetic structure in marine species with circumglobal distributions.  
 
The current study found three distinct geographical groupings (North-western Pacific - Japan, 
North-eastern Pacific - USA, and the southern hemisphere) of S. lalandi which are substantiated 
by the topology of the haplotype networks (Fig. 3.3), the phylogenetic trees (Fig. 3.4 - 3.6), FST 
values (Table 3.6 - 3.8), and the hierarchical AMOVA. Within the southern hemisphere two 
genetically divergent groups were found: the southern Pacific (AUS, NZL and CH) and the 
southern-eastern Atlantic (SA). The FST values (Table 3.6 - 3.8), and the hierarchical AMOVA 
show high levels of genetic structuring. However, these groupings were less distinct in the 
topology of the haplotype networks (only separated by a single haplotype; Fig. 3.3) and not 
strongly supported in the phylogenetic trees (Fig. 3.4 - 3.6; except RAG1).  
 
High haplotype diversity was found at the mitochondrial level in S. lalandi populations and is 
similar to values reported for other fish populations (e.g. Viñas et al., 2004; Zardoya et al., 
2004). Theoretically, genetic variability in populations is positively correlated with the effective 
population size (Fuji and Nishida, 1997). Therefore, high levels of haplotype diversity suggest 
large, stable, effective population sizes. In contrast with the high haplotype diversity, the 
nucleotide diversity values were low in all S. lalandi populations. Similar values have been 
described for populations with historically small population sizes (e.g. Chilean jack mackerel, 
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Trachurus murphyi; Cárdenas et al., 2009). This pattern of high haplotype diversity and low 
nucleotide diversity is usually observed when genetic diversity that was reduced (for example as 
would occur in events such as population bottlenecks), is regained after a relatively recent 
population expansion (Grant and Bowen, 1998). This pattern has been observed in several 
marine species that experienced recent population growth (orange roughy, Helicolenus 
dactylopterus; Aboim et al., 2005; flame angelfish, Centropyge loriculus; Schultz et al., 2006; 
Atlantic whitebeaked dolphin, Lagenorhynchus albirostris; Banguera-Hinestroza et al., 2010; 
Cape hake, Merluccius paradoxus; von der Heyden et al., 2010b). This hypothesis of recent 
expansion in S. lalandi populations was supported by a star-like mtDNA genealogy, the 
haplotype networks, Tajima’s D and Fu’s Fs statistics and the mismatch distribution analyses. 
The star-like median networks are commonly found in marine species with recent population 
growth and high gene flow (Grant and Bowen, 1998; Beheregaray and Sunnucks, 2001; 
Bargelloni et al., 2003; Zardoya et al., 2004; Chow et al., 2009; Ravago-Gotanco and Juinio-
Meñez, 2010). Interpreting neutrality tests result should be made with caution (Karl et al., 2012) 
because departures from neutrality may be due to background selection (Charlesworth et al., 
1993), selective sweeps (Maynard-Smith and Haigh, 1974) or demographic expansion (Fu, 
1997). In marine species, authors have favoured demographic expansion as an explanation for 
mitochondrial variation patterns found by these tests (Fauvelot et al., 2003; Bay et al., 2004; 
Craig et al., 2007; Chen et al., 2008). In S. lalandi populations these significantly negative 
values probably also indicate population growth, especially when interpreted in conjunction with 
the other analyses such as the mismatch distributions. Here, unimodally distributed populations 
were found and the statistical analysis confirmed the demographic expansion model (Rogers, 
1995; Excoffier, 2004).  
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3.4.2 Contemporary biogeography and barriers to gene flow  
Between the northern and southern Pacific populations it seems that the warmer waters of the 
equator could act as an important isolating mechanism for this subtropical species. Similar 
scenarios have also been found in other marine species (sardines, Sardinops, Bowen and Grant, 
1997; lemon shark, Negaprion brevirostris, Schultz et al., 2008; tope shark, Galeorhinus galeus, 
Chabot and Allen, 2009; spiny dogfish, Squalus acanthias, Verissimo et al., 2010). Grant and 
Leslie (2001) found that two Old-World Merluccius clades spanning the equator included pairs 
of sister taxa that were probably separated by tropical waters. The Chilean- and Californian jack 
mackerels (Trachurus symmetricus and T. murphyi) are also closely related taxa (Cytb sequence 
divergence, 0.90%) that are separated by the equator (Poulin et al., 2004). The high level of 
genetic divergence detected across the equatorial Pacific for S. lalandi and other marine 
organisms suggest the warm equatorial waters seem to function as effective barrier to gene flow 
for species adapted to more temperate waters. 
 
Within the North Pacific, marine fish are known to exhibit several intraspecific geographical 
groupings (Sato et al., 2004; Dodson et al., 2007; Liu et al., 2007). These groupings are 
generally explained by isolation in refugias and subsequent divergence during the Pleistocene 
glacial periods, with the East Pacific Barrier maintaining that isolation. The East Pacific Barrier, 
a 4 000 to 7 000km stretch of uninterrupted deep seawater between the central Pacific and the 
Americas, is an important oceanic barrier for several marine fish species (Ekman, 1953; Schultz 
et al., 2008) and has also been described as the greatest marine biogeographic obstacle (Ekman, 
1953; Briggs, 1961; Grigg and Hey, 1992; Rocha et al., 2005; Lessios and Robertson, 2006). 
This is because of the origin of this barrier, possibly since the beginning of the Cenozoic (up to 
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65 MYA; Grigg and Hey, 1992) with no islands within the region that could serve as stepping 
stones for migration (Ekman, 1953; Briggs, 1974; Vermeij, 1978, 1987a, b; Veron, 1995; 
Robertson and Allen, 1996). Two species of the lemon shark (Negaprion), for example, are 
geographically separated by the East Pacific Barrier (Schultz et al., 2008). Although S. lalandi 
has great dispersal capabilities, this species can usually be found in the waters between the coast 
and continental self. Thus, once divergence between the two northern Pacific groups was 
established, the isolation was probably maintained by the East Pacific Barrier.  
 
Results from the southern hemisphere S. lalandi populations show some differentiation between 
the Atlantic (SA) and the Pacific populations (NZL, AUS, CH) with no further genetic structure 
found within the southern Pacific populations (NZL, AUS, CH). Several studies have similarly 
found population differentiation between the Atlantic and Indo-Pacific populations of globally 
distributed species (Alvarado-Bremer et al., 1995, 1998; Graves and McDowell, 2003; Alvarado-
Bremer et al., 2005). For example, genetic differentiation was found between the Atlantic and 
Indo-Pacific populations of bigeye tuna (Thunnus obesus; Chow et al., 2000); rafting crab 
(Plagusia depressa; Schubart et al., 2001); green turtle (Chelonia mydas; Bowen and Karl, 
2007), and hawksbill turtle (Eretmochelys imbricate; Bowen and Karl, 2007). The connectivity 
between the eastern- and western southern Pacific observed in the current study can be explained 
by long-distance dispersal between these regions via the southern Pacific islands (Chin et al., 
1991; Waters and Roy, 2004). The population structure of the southern hemisphere grouping will 
be further investigated in the Chapter 4 where the fine-scale population structure within the 
southern hemisphere and South Africa specifically was explored using six microsatellite 
markers. 
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3.4.3 Origin and phylogeography 
The North-eastern Pacific group and North-western Pacific group, correspond with the eastern 
North Pacific- and western North Pacific biogeographical provinces, respectively described by 
Briggs and Bowen (2012, 2013), while the southern hemisphere group is distributed over several 
of the warm-temperate and cold-temperate provinces in the southern hemisphere. These authors 
discuss several hypotheses on how species in these regions originated (see Briggs and Bowen, 
2012, 2013), however according to the dating analysis in the current study, events within the 
Pleistocene played an important role in shaping S. lalandi population structure.  
 
Climatic changes during the Pleistocene generated several episodes of range expansions and 
contractions that influenced temperate species (Hewitt, 2000; Wares, 2002; Hewitt, 2004) 
resulting in rapid demographic growth (as seen in the results). The TMRCA results suggest that 
the four S. lalandi populations originated in the late Pleistocene period (about 115 000 - 500 000 
years ago). These TMRCA estimates should however be interpreted with caution, because 
standard mutation rates for the Cytb and COI mitochondrial regions were used. As different 
mutation rates for these regions could have occurred, using standard mutation rates could have 
resulted in an error in the estimations. However, the fact that similar time estimations were 
generated for both genes with the 2% mutation rate suggests this may not be the case. 
Regardless, TMRCA results should be viewed as very conservative time frames in which the 
results can be interpreted. 
 
Seriola lalandi populations probably originated in the Pacific due to Pleistocene vicariant events. 
The results show a distinct break between the North- and South Pacific. The TMRCA results 
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suggest that the common ancestor of the southern hemisphere groups originated around 2.28 - 
4.5 MYA. A less pronounced latitudinal temperature gradient existed along the tropics until 2.6 
MYA (Savin et al., 1975; Crame, 1993); this presented a less significant barrier to temperate 
organisms. Therefore, before the Pleistocene, the ancestral S. lalandi population could have been 
more widespread across equatorial regions. However, with repeated Pleistocene glacial- and 
interglacial periods and the establishment of a more pronounced latitudinal temperature gradient 
along the equator, the widespread ancestral S. lalandi population was then divided into two 
groups occupying the northern- and southern Pacific. Within the phylogenetic trees (Cytb, RAG1 
and combined) a prominent separation between northern and southern hemisphere clades is 
evident, suggesting the existence of these two groups. However, with in the COI phylogeny the 
North-eastern Pacific group (USA) is more closely related to the southern ocean group. This is 
probably the result of lineage sorting and not a true representative of the species (haplotype) tree. 
Within the North Pacific, the North-western Pacific group diverged first (JA = 197 700 - 449 700 
years) from the northern ancestral S. lalandi population, with the North-eastern Pacific group 
being the most recently diverged (USA = 116 700 - 234 100 years). Intra-species divergence in 
the southern hemisphere seems to be somewhat older (SA = 217 100 - 432 700 years; South 
Pacific = 230 400 - 459 700 years). The late Pleistocene (the past one million years) was 
characterised by a number of large glacial-interglacial changes (Imbrie et al., 1992). Glaciated 
periods resulted in changes in sea levels, temperatures, salinity, ocean currents, upwelling 
patterns and prey distribution which in return affected the connectivity and isolation of 
populations (e.g. Costedoat et al., 2006; Harlin-Cognato et al., 2007). This led to a complicated 
and dynamic pattern of population colonisation and expansion within and between oceans and 
Stellenbosch University  http://scholar.sun.ac.za
129 
 
ocean basins. Therefore the divergence of the four S. lalandi groups could in part be explained 
by these oscillations in climate and ocean temperatures.  
 
In conclusion, this study verified the existence of three genetically distinct groups in S. lalandi 
across its distribution range and postulated how Pleistocene glacial-interglacial changes played a 
major role in the formation of these three clades. 
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Appendix F: COI haplotype sequence alignments 
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Chapter 4: Population Structure of Yellowtail (Seriola lalandi) in the 




South African waters are home to a high diversity and abundance of marine species. This can be 
attributed to the biogeographic complexity of the region. Along the South African coastline two 
contrasting current systems can be found: the cold, northward flowing Benguela Current on the 
west coast and the warmer, southward moving Agulhas Current on the east coast (Fig. 4.1; 
Branch and Branch, 1995; Griffiths et al., 2010). The dynamic features of the south coast make it 
difficult if not impossible to locate the ‘exact’ point at which the two currents meet, although the 
contact zone is broadly believed to be between Cape Agulhas and the Cape Peninsula (Griffiths 
et al., 2010). The widening of the continental shelf (Agulhas Bank) beginning at Algoa Bay, 
causes the Agulhas Current to move offshore, and to retroflect (turns almost completely back on 
itself) at the southern tip of the continental shelf (Agulhas retroflection; Peterson and Stramma, 
1991; Quartly and Srokosz, 1993; Stramma and Lutjeharms, 1997; Lutjeharms, 2006). In 
addition, as the Agulhas Current moves away from the coastline, circular currents (eddies) are 
formed along the south coast (Branch and Branch, 1995) whereas other eddies (called Agulhas 
rings) continue westwards and mix with the cooler Benguela waters (Lutjeharms, 2006).  
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Fig. 4.1: Map of South Africa showing the major bioregions, potential genetic barriers and transition zones, 
major current systems, and position of the continental shelf break. Sampling localities are also indicated. 
 
As a result of the dynamic oceanography, four major biogeographic provinces can be identified 
along the South African coastline: the tropical Delagoa Bioregion (extends southwards from 
Mozambique into KwaZulu-Natal); the subtropical Natal Bioregion (ranges from KwaZulu-Natal 
to east of Algoa Bay), the warm-temperate Agulhas Bioregion of the south coast (from Algoa 
Bay to Cape Point) and the cold-temperate Namaqua Bioregion of the west coast (from Cape 
Point to the Namibian border; Griffiths et al., 2010; Fig. 4.1). These provinces differ 
significantly in their abiotic and biotic make-up. Strikingly different faunal and floral 
composition has been observed between the east and west coasts of South Africa. However, due 
to the dynamic factors that influence the composition of the rest of the biogeographic bioregions, 
no defined boundaries has been identified between these regions; only transition regions. 
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Several barriers and transition zones have been identified along the coast of South Africa. The 
Cape Point region limits gene flow in marine species (for example brown mussel, Perna perna; 
Grant et al., 1992; bluntnose klipfish, Clinus cottoides; von der Heyden et al., 2008) from the 
west- and south coast. However within some marine species such as abalone (Haliotis midae; 
Evans et al., 2004; Bester-van der Merwe et al., 2011) and the bluntnose klipfish (von der 
Heyden et al., 2008), the Cape Agulhas region was identified as a barrier between the west- and 
south coast. The area between Cape Point and Cape Agulhas has been identified as a transition 
zone between the west- and south coast (Teske et al., 2013). 
 
Several additional, less prominent, population genetic discontinuities can be found along the 
south and east coasts. One lies near Algoa Bay (Norton, 2005; Teske et al., 2006; von der 
Heyden et al., 2008) and one east of Port Alfred, in the region between Kenton on Sea and Haga 
Haga (Zardi et al., 2007). A last discontinuity can be found between Haga Haga and the 
Mkomazi Estuary (Teske et al., 2006).  
 
While for various South African marine species these breaks have resulted in reduced gene flow; 
there are also several studies that found no population structuring along the South African coast. 
It is important to note that most of the species showing population structuring are intertidal or 
estuarine species while those species with high gene flow along the South African coast are 
mostly fish species (Grant and Leslie, 2005; Klopper, 2005; Oosthuizen, 2007; von der Heyden 
et al., 2007) or invertebrate species with a longer pelagic larval cycle (Oosthuizen et al., 2004; 
Tolley et al., 2005; Matthee et al., 2007). However von der Heyden et al. (2007), found 
significant population differentiation between South African and Namibian samples of the Cape 
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hake species, Merluccius paradoxus when examining the population structure of mature fish 
older than three and four years. Thus these barriers and paleo-oceanography events affect 
sympatrically distributed marine species differently; most probably depending on their life 
history and / or larval stages (Oosthuizen et al., 2004; Norton, 2005; Tolley et al., 2005; von der 
Heyden et al., 2007). 
 
Within South Africa no information on population genetic structuring and -diversity is available / 
known for yellowtail, Seriola lalandi. Only two previous studies on this species have been 
published: a broad-scale genetic study showed significant differentiation between populations 
from Japan and those from Australia and New Zealand, with no differentiation between the 
Australian and the New Zealand populations (Nugroho et al., 2001). A more fine-scale study of 
S. lalandi along the coast of Australia, however found significant differentiation between the 
east- and west coast of Australia (Miller et al., 2011).  
 
The aim of this chapter was to determine if genetically distinct populations of S. lalandi exist 
along the coast of South Africa. Two questions / hypotheses were considered: 1) Seriola lalandi 
is a panmictic population (i.e. genetically homogeneous); 2) Seriola lalandi comprise of 
multiple, genetically differentiated populations. Due to the high dispersal capabilities of S. 
lalandi, panmixia would be expected; as found in other linefish species. Despite this expectation, 
population structure has been found in several pelagic fish species (Martínez et al., 2005; Díaz-
Jaimes et al., 2010; López et al., 2010). Furthermore, several studies have found restrictions to 
gene flow associated with the biogeographic regions along the coastline of South Africa for 
species that rely on larval  dispersal (Evans et al., 2004; Bester-van der Merwe et al., 2011). 
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Although S. lalandi is a pelagic fish with potentially high dispersal capabilities, the same forces 
influencing these aforementioned species might also influence the South African yellowtail; 
thereby influencing population structure. The hypotheses were tested by investigating individuals 
from five localities along the South African coast with six microsatellite loci.  
 
We further investigated the findings in Chapter 3 on the phylogeography of S. lalandi in the 
southern hemisphere. Based on sequence data (COI, Cytb, RAG1), individuals from the South 
Pacific (Australia, New Zealand, and Chile) were distinct from, but closely related to the   South 
African individuals, with two genetically distinct groups observed. The same six microsatellite 
loci were used to further test the differentiation between the Atlantic Ocean (South Africa) and 
South Pacific samples.  
 
4.2 Materials and methods 
To investigate the population structure along the South African coastline a total of 201 samples 
was obtained from five regions (Port Elizabeth = 37, Struis Bay = 55, Cape Point = 50, 
Yzerfontein = 29, North Blinder = 30) ranging from  south- to west coast (Fig. 4.1). Sample 
collection was conducted in the spawning season of S. lalandi from October to March in 2009, 
2010, and 2011. For the three South Pacific regions a total of 118 samples (New Zealand - NZL 
= 35, Australia - AUS = 37, Chile - CH = 46) was obtained. All samples were preserved in 95% 
(v/v) ethanol and genomic DNA extractions were carried out using the methods described in 
chapter 2. 
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Six microsatellite markers previously published for S. dumerili: Sdu10 (Renshaw et al., 2006), 
Sdu29, Sdu32, Sdu46 (Renshaw et al., 2007), SduCA107 and SduCA4j (Porta et al., 2009) were 
successfully amplified by polymerase chain reaction (PCR) and genotyped in all individuals 
(Table 4.1). Polymerase chain reactions were carried out in 15μl volumes comprising 0.1µM 
primer, 1X GoTaq buffer, 2.5mM MgCl2, 0.5mM dNTPs, 0.5units GoTaq (Promega) and 15 - 
20µg genomic DNA. Two PCR protocols were used in the amplification of loci. For Sdu10, 
SduCA107 and SduCA4j the following PCR protocol was used: an initial denaturing step at 94°C 
for 3min, 35 cycles of denaturation at 94°C for 30s, annealing temperature (Renshaw et al., 
2006; Porta et al., 2009) for 30s, extension at 72°C for 45s and a final extension step at 72°C for 
5min. For Sdu29, Sdu32 and Sdu46 the thermal cycling conditions were: 2min at 94°C, followed 
by 34 cycles of 94°C for 30s, annealing (Renshaw et al., 2007) for 45s and extension at 68°C for 
1min, with a final extension temperature of 68°C for 10min. 
 
Table 4.1: Description of the six microsatellite loci used in the current study. 
Locus Primer name Primer sequence (5'-3') Repeat motif Size (bp) Ta (°C) 
Sdu10 Sdu10-F CCAAGTCCTCCTGCTACTACCAT 
   
 
Sdu10-R CCTTGTGGATGACCTGTTTG (CAA)n 295–346 56 
Sdu29 Sdu29-F CCTTGCCATACCGATGCCAG 
   
 
Sdu29-R GACTGCTCTGCCTGCTTGTTG (GA)n 311–377 60 
Sdu32 Sdu32-F CCTGTGAGAGCATTTGGTAT 
   
 
Sdu32-R GTGCTTGTCTCTTCTGTCAT (CA)n 99–177 53 
Sdu46 Sdu46-F GCAGTGTGAGCCATACATTAC 
   
 
Sdu46-R CTACAGGACAAAAGCCATT (GA)n 217–259 53 
SduCA4j SduCA4j-F GTTGTTACTGGTGTGTAAGG 
   
 
SduCA4j-R AGTGGAAGTGGCTAGAGAGG (GT)n 149–175 61 
SduCA107 SduCA107-F TTCATCTGTTGAGTACATCC 
     SduCA107-R CTGTTATCAGAACCTTCACC (GT)n 110–150 61 
Ta = annealing temperature 
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Fragment analysis was done by capillary electrophoresis on the ABI 3100
®
 automated sequencer 
(Applied Biosystems). Alleles were scored using MICROSATELIGHT v1 (Palero et al., 2011). 
 
4.2.1 Data analyses 
4.2.1.1 Population diversity 
Genetic diversity estimates such as allele frequencies, observed- (Ho) and unbiased expected 
heterozygosity (He) were obtained with GENETIX v4.03 (Belkhir et al., 2000). FSTAT v2.9.3 
(Goudet, 2001) was used to determine the number of alleles per locus and allelic richness based 
on a minimum sample size of 29. The inbreeding coefficient, FIS was calculated by FSTAT and 
deviations from Hardy-Weinberg equilibrium (HWE) were tested with ARLEQUIN v3.01 
(Excoffier et al., 2005). MICRO-CHECKER v2.2.3 (Shipley, 2003) was used to test for the 
presence of null alleles, genotyping errors or other reasons for deviations from HWE, such as 
heterozygote deficiency. 
 
4.2.1.2 Population structure 
Pairwise tests of FST and genetic distances were calculated with GENEPOP v4.0 (Rousset, 2007) 
by using 1 000 permutations. Pairwise tests of RST were calculated with ARLEQUIN (1 000 
permutations). To visualise the ordination of populations along the factorial axes in a three-
dimensional space, allele frequency data were subjected to Factorial correspondence analysis 
(FCA) available in the program GENETIX. Factorial correspondence analysis examines whether 
geographical distribution could be related to the relative distribution of individual genotypes on 
this three-dimensional scale. Component of correspondence analysis was calculated for 1) the 
entire data set to test for differences between the South African and South Pacific localities and 
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2) a partial data set containing only the South African localities. To test for population 
differentiation, hierarchial analysis of molecular variance (AMOVA) was carried out in 
ARLEQUIN. Different hypotheses were tested for genetic variation: 1) overall, 2) between South 
Africa and South Pacific, 3) between the samples of the west- and east coast of the South Pacific, 
4) between the samples of the west- and  south coast of South Africa, and 5) between three 
groups assuming barriers at Cape Point and Port Elizabeth for the South African samples. 
 
Bayesian clustering analysis of populations was performed with STRUCTURE v2.1 (Pritchard et 
al., 2000). This method uses a Bayesian approach to generate the number of groupings that 
minimise the deviation from HWE and linkage disequilibrium by using multi-locus genotypes 
(such as microsatellites or SNPs) and a predefined number of clusters (K; Pritchard et al., 2000; 
Francois et al., 2006; Chen et al., 2007). Individuals are assigned to clusters based on their 
probability scores. For the analysis performed on the entire dataset, K was set between 1 and 9. 
For the South African sample only analysis K was tested from 1 to 6. For each K, 10 runs were 
performed consisting of 10
 
million MCMC iterations with a burn-in of 100 000. K was calculated 
assuming admixture and correlated allele frequencies. The statistic delta K (ΔK) was used to 
estimate the true number of clusters (Evanno et al., 2005).For the selected K value, the individual 
membership coefficient was assessed to infer the probability of a certain individual belonging to 
a specific cluster. CLUMPP v1.1 (Jakobsson and Rosenberg, 2007) was used to average the runs 
and produce the admixture (Q) matrix. The cluster visualisation program DISTRUCT v1.1 
(Rosenberg, 2004) was implemented to visualise the membership coefficients of the individuals 
within each population. 
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The program BARRIER v2.2 (Manni et al., 2004) was used to further explore the most likely 
area of restricted gene flow between South African populations. BARRIER identifies genetic 
barriers by implementing Monmonier’s (1973) maximum difference algorithm and spatial 
coordinates. The coordinates for each individual was connected by Delauney triangulation to 
produce an associated distance for each connection. The genetic distances of Nei (1987) for each 
individual locus were analysed. Separate analysis per locus was done to ensure that strong 
differentiation at one locus did not cause bias to a certain barrier. In order to generate more 
validation for the barriers, the FST - and RST matrices were also included in the analysis. 
Robustness was assessed according to the number of different matrix sets supporting a particular 
barrier.  
 
To determine long-term gene flow (migration rate) between the populations the program 
MIGRATE v3.3.2 (Beerli and Felsenstein, 2001) was used. MIGRATE is a coalescent-based 
program that implements the likelihood approach to calculate both population size θ (4Neμ; Ne = 
effective population size; μ = mutation rate) and migration rate M (m/μ; m = immigration rate; μ 
= mutation rate). Migration rates between populations within South Africa (5 sampling sites) and 
the South Pacific (3 sampling sites) were calculated separately. Migration rate between South 
Africa and the South Pacific was estimated by grouping the population data within these two 
areas. Runs consisted of 10 short and three long chains that were run for 500 and 5 000 sampled 
genealogies, respectively, following an adaptive heating scheme of four temperatures (1.0, 1.5, 
3.0, 6.0). Convergence of chains was reached when a plateau was reached in likelihood values of 
chains. 
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To evaluate more recent migration rates between populations the program BAYESASS v3 
(Wilson and Rannala, 2003) was used. This program implements a Bayesian approach with 
MCMC to calculate migration rates. The program was run with 8 million iterations, a burn-in 
period set at 2 million, and a sampling frequency of 1 000. Initial runs were performed to 
optimise the model parameters (allele frequency, migration rate and inbreeding coefficient). The 
model parameters were optimised using the acceptance rate for proposed change for each 
parameter. An acceptance rate between 20% and 40% was deemed to be optimal (Rannala, 
2007). Ten runs, each starting at a different seed, were then performed with optimal model 




4.3.1 Genetic diversity 
The population genetic variation for S. lalandi samples was characterised for five locations along 
the South African coastline. To further investigate population genetic variation in the southern 
hemisphere, three additional locations from the South Pacific were included (Australia, New 
Zealand and Chile). The average number of alleles per locus ranged from 2 (Sdu10) to 21 
(SduCA107; Table 4.2). Allelic richness ranged from 2 (Sdu10) to 16.997 (SduCA107; Table 
4.3), with similar average values for each putative population. Allele frequency plots for each 
microsatellite locus are shown in Appendix H. The amount of genetic variability, in terms of 
observed heterozygosity, was similar among sampling sites per microsatellite locus (Table 4.2). 
Among loci values of average observed heterozygosity per locus ranged from Ho = 0.4167at 
locus Sdu46 to Ho = 1.000 at locus SduCA4j. Overall, the average observed heterozygosity per 
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locus and population was high (Ho = 0.722). Three loci conformed to Hardy-Weinberg 
expectations over all populations (Sdu10, Sdu46 and SduCA4j). According to MICRO-
CHECKER (Table 4.3) only two loci showed evidence of null alleles (Sdu29 and SduCA4j). 
 
Table 4.2: Summary of genetic variation for six analysed microsatellite loci at eight Seriola lalandi sampling 
sites. 
  Loci 
Samples  Sdu10 SduCA107 Sdu29 Sdu32 Sdu46 SduCA4j Mean 
North He 0.4753 0.8978 0.8377 0.8491 0.4561 0.8068 0.7205 
Blinder Ho 0.5556 0.8148 0.6552 0.8462 0.4444 0.6071 0.6539 
(B) Na 2 17 10 14 5 7  
N = 30 Ar 2.000 15.398 9.035 12.550 4.918 6.921  
 FIS -0.150 0.111 0.235 0.023 0.044 0.264 0.111 
Yzerfontein He 0.4898 0.8937 0.7997 0.8025 0.4297 0.8469 0.7104 
(C) Ho 0.4286 0.7778 0.5357 0.6500 0.4167 0.8571 0.6110 
N = 29 Na 2 15 8 10 4 12  
 Ar 2.000 13.727 7.553 10.000 3.950 11.153  
 FIS 0.143 0.148 0.346 0.215 0.052 0.006 0.160 
Cape Point He 0.4231 0.8869 0.8546 0.8629 0.5826 0.7689 0.7298 
(E) Ho 0.4615 0.8367 0.6800 0.8182 0.5278 0.9787 0.7172 
N = 50 Na 3 20 15 17 6 6  
 Ar 2.513 13.718 11.162 13.433 5.437 5.655  
 FIS -0.078 0.067 0.214 0.063 0.108 -0.263 0.029 
Struis Bay He 0.4783 0.8946 0.8566 0.8350 0.6234 0.8178 0.7510 
(F) Ho 0.6667 0.7551 0.8400 0.8200 0.6000 0.9600 0.7736 
N = 55 Na 2 18 16 16 6 9  
 Ar 2.000 13.169 11.472 11.649 5.479 7.842  
 FIS -0.385 0.166 0.029 0.028 0.050 -0.164 -0.020 
Port Elizabeth He 0.5019 0.8885 0.8355 0.8484 0.5696 0.8333 0.7462 
(G) Ho 0.4167 0.8056 0.9714 0.7778 0.6400 0.8485 0.7433 
N = 37 Na 3 20 13 16 5 9  
 Ar 2.806 15.267 11.134 12.932 4.800 8.848  
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 FIS 0.184 0.107 -0.149 0.097 -0.103 -0.003 0.019 
Australia He 0.4824 0.9183 0.8535 0.8984 0.6812 0.8177 0.7753 
(AUS) Ho 0.5000 0.8710 0.8286 0.8286 0.7692 0.9697 0.7945 
N = 35 Na 6 21 14 17 4 9  
 Ar 5.065 16.997 11.157 14.417 3.998 7.666  
 FIS -0.021 0.068 0.044 0.092 -0.110 -0.171 -0.009 
New Zealand He 0.5220 0.8711 0.8188 0.8704 0.6365 0.7915 0.7517 
(NZL) Ho 0.5556 0.7500 0.7714 0.6667 0.6786 1.0000 0.7370 
N = 36 Na 6 17 11 15 6 7  
 Ar 4.584 14.118 9.212 12.589 5.143 6.498  
 FIS -0.050 0.153 0.072 0.247 -0.048 -0.249 0.034 
Chile He 0.4931 0.8113 0.8123 0.9062 0.7410 0.8261 0.7650 
(CH) Ho 0.4865 0.6923 0.7647 0.8500 0.6970 0.9714 0.7436 
N = 40 Na 5 15 10 16 8 9  
 Ar 4.241 12.070 9.075 13.575 6.705 8.030  
 FIS 0.027 0.159 0.073 0.075 0.075 -0.162 0.042 
Overall He 0.539 0.907 0.877 0.908 0.733 0.882 0.808 
 Ho 0.509 0.788 0.756 0.782 0.597 0.899 0.722 
 Na 11 32 21 25 9 14  
 Ar 3.380 14.844 11.711 14.020 6.233 9.938  
 F -0.055 0.122 0.101 0.097 0.015 -0.112 0.038 
 PHWE 0.860 0.000 0.000 0.000 0.383 0.999  
Ho = observed heterozygosity; He = expected heterozygosity; Na = number of alleles; Ar = allelic richness, FIS  = 
inbreeding coefficient , F = FIS of Weir and Cockerham (1984 ); PHWE = probability of Hardy-Weinberg 
equilibrium. 
 
Table 4.3: Estimates for null allele frequencies based on MICRO-CHECKER v2.2.3 (Shipley, 2003). 
Locus Null Present van Oosterhout Chakraborty Brookfield 1 Brookfield 2 
Sdu10 No -0.0893 -0.0778 -0.0544 0.2136 
SduCA107 No 0.05 0.0485 0.0437 0.2054 
Sdu29 Yes 0.1098 0.1223 0.0993 0.1655 
Sdu32 No -0.0005 0.0017 0.0016 0.2201 
Sdu46 No 0.0433 0.0129 0.008 0.2515 
SduCA4j Yes 0.1185 0.1412 0.1105 0.2298 
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4.3.2 Population differentiation  
Pairwise genetic distances and FST values between the five South African sampling sites were 
relatively low (Table 4.4, 4.5), with the lowest between Cape Point, Struis Bay and Port 
Elizabeth. The FST values were not significant between these three sites (Table 4.5). However, 
significant pairwise FST values were obtained between the remaining two South African 
sampling sites (North Blinder and Yzerfontein). Overall large genetic distances and significant 
FST values were found between sampling sites from South Africa and the three sampling sites in 
 
Table 4.4: Genetic distances between the eight Seriola lalandi sampling localities for all loci combined. 
 North 
Blinder 




North Blinder -       
Yzerfontein 0.069 -      
Cape Point  0.026 0.105 -     
Struis Bay 0.016 0.077 0.018 -    
Port Elizabeth 0.027 0.046 0.013 0.016 -   
AUS  0.631 0.575 0.636 0.524 0.529 -  
NZL  0.648 0.581 0.630 0.555 0.526 0.002 - 
CH  0.584 0.535 0.579 0.512 0.486 0.009 0.006 
 
Table 4.5: Pairwise FST (1 000 permutations; above diagonal) and RST (1 000 permutations; below diagonal) 










AUS NZL CH 
North Blinder - 0.023* 0.015* 0.010* 0.018* 0103* 0.114* 0.102* 
Yzerfontein 0.013 - 0.038* 0.029* 0.026* 0.099* 0.107* 0.099* 
Cape Point  -0.011 0.003 - 0.007 0.009 0.093* 0.103* 0.093* 
Struis Bay 0.039 0.018 0.025 - 0.005 0.078* 0.091* 0.081* 
Port Elizabeth -0.009 0.017 -0.006 0.018 - 0.080* 0.084* 0.078* 
AUS  0.092 0.121 0.102 0.109 0.058 - 0.003 0.006 
NZL  0.158 0.167 0.156 0.150 0.113 0.005 - 0.003 
CH  0.140 0.156 0.138 0.130 0.091 -0.004 -0.008 - 
*Significant FST p-values (P <0.05) 
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the South Pacific (Table 4.4, 4.5). Within the South Pacific FST values were low and not 
significant (Table 4.5). The lowest genetic distance observed in the current study was found 
between AUS and NZL (Table 4.4) suggesting high gene flow between these regions. 
 
AMOVA (Table 4.6) revealed overall significant genetic structuring between South Africa and 
the South Pacific samples (FST = 0.090 p = 0.000).  Most of the total genetic variance was found 
between individuals within population (92.66%) while very little variance was distributed among 
populations within groups (1.13%). An AMOVA performed between the west coast sampling 
sites (B, C) and the rest of the South African samples (E, F and G) revealed weak, but significant 
population differentiation (FST = 0.021, p = 0.000). Variance was mostly distributed between 
individuals within populations (97.92%) with very little variance distributed among populations 
within groups (1.13%). All other structuring between areas across different biogeographical 
breaks tested for the South African samples were not significant. 
 
Table 4.6: AMOVA results for Seriola lalandi. Analyses were performed under various hypotheses of regional 
genetic structure. 
Hypothesised structure Among regions Among populations 
within regions 
Within populations 
 d.f. %var FCT d.f. %var FSC d.f. %var FST 
All populations          
   South Africa – South Pacific  1 0.215 0.082* 6 0.030 0.123* 616 2.38 0.090* 
South Africa          
   West (B+C) –  South 
(E+F+G)  
1 1.00 0.010 3 1.08 0.011* 397 97.92 0.021* 
South Pacific          
   West (AUS/NZL) – East (CH)  1 0.14 0.001 1 0.31 0.003 219 99.55 0.004 
d.f. = degrees of freedom, %var = percentage of variance, *significant F-statistics p-values 
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The FCA, which allows a three-dimensional view of the genetic relationship among populations, 
showed a strong separation between individuals from South Africa and those from the South 
Pacific (Fig. 4.2) with very little overlap between individuals from South Africa and those from 
the South Pacific population, with most variation seen on the first axis. Although the FCA 
performed only on the South African genotypes showed overlap of west- and  south coast 
individuals, the distribution along the first axis indicated a clear separation of the west coast 
individuals from the rest (Fig. 4.3).  
 
 
Fig. 4.2: Factorial correspondence analysis of all Seriola lalandi samples: yellow squares are South African 
samples and blue squares are South Pacific samples.  




Fig. 4.3: Factorial correspondence analysis for the west coast (yellow squares) versus the south coast (blue 
squares) South African Seriola lalandi samples.  
 
STRUCTURE was used to estimate the number of genetically distinct populations sampled, 
assuming no prior information on the number of sampling locations. When individuals from 
South Africa and the South Pacific were analysed in conjunction, only two clusters were detected 
(Fig. 4.4). The individual bar plots of K = 2 (Fig. 4.5), shows a clear separation between the 
South African- and the Pacific samples. The South African samples appear to be further 
separated into two clusters with ΔK peaking at K = 2 (Fig. 4.6, 4.7) although cluster assignment 
indicated admixture of the two clusters along the entire coastline (Fig. 4.7). 






Fig. 4.4: (a) The posterior probability of the data, L(K) for each K and (b) ΔK as a function of K following 
Evanno et al. (2005) for all southern hemisphere sampling localities. 
















Fig. 4.6: (a) The posterior probability of the data, L(K) for each K and (b) ΔK as a function of K following 
Evanno et al. (2005) for only the South African sampling localities. 
 
Fig. 4.7: STRUCTURE bar plots for K = 2 for the five South African sampling localities. 
 
Three barriers decreasing in importance were identified by BARRIER (Fig. 4.8). The barrier that 
was best supported by the data was identified at Cape Point which further supports the division 
Stellenbosch University  http://scholar.sun.ac.za
162 
 
between the  south- and west coast samples. Two secondary barriers were found between Struis 
Bay and Port Elizabeth (thus between south- and south-east coast) and between Yzerfontein and 
North Blinder on the west coast. 
 
The program MIGRATE generated similar migration rates between South Africa and the South 
Pacific as to those within South Africa localities (Fig. 4.9). The likelihood plots generated by 
MIGRATE are shown  in Appendix I. However, for BAYESASS these rates were much lower 
between South Africa and the South Pacific compared to those within South African localities. 
This indicates that the reduced gene flow was a recent event. Migration results indicate that a 
similar degree of gene flow occurs between the geographical areas within South Africa. Within 
the South Pacific, migration rates are relative high and therefore support high gene flow and lack 
of structure in this area. 
 
Fig. 4.8: The barriers (purples lines) to gene flow between the five sampling localities. The barrier width and 
number alongside the barrier line signify the number of matrices supporting the data. 
 




Fig. 4.9: Estimations of theta (θ) and migration rates between South Africa and the South Pacific, and 
between sampling localities within these two regions. Migration rates above the arrows were calculated using 
the program MIGRATE and the rates below the arrows were calculated by the program BAYESASS. 
 
4.4 Discussion 
This study is the first to investigate the genetic structure of the commercially important species, 
S. lalandi along the coast of South Africa and amongst populations along its distributional range 
in the southern hemisphere. The results suggest the following: 1) Seriola lalandi populations of 
South Africa are genetically distinct from those of the South Pacific ocean, 2) high gene flow 
occurs between populations within the South Pacific, 3) two groups of S. lalandi are found along 
the South African coast based on frequentist statistics. 
 
4.4.1 Population differentiation in the southern hemisphere 
The results clearly showed strong differentiation between the South African populations and the 
South Pacific (AMOVA, FCA, STRUCTURE). Several studies have found that genetic 
population differentiation between the Atlantic (South Africa) and Indo-Pacific may be 
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explained by recent vicariant events during the Pleistocene glacial- and interglacial periods 
(Alvarado-Bremer et al., 1995, 1998; Graves and McDowell, 2003; Alvarado-Bremer et al., 
2005). For example, genetic differentiation was found between the Atlantic and Indo-Pacific 
populations of the bigeye tuna (Thunnus obesus; Chow et al., 2000; Durand et al., 2005); 
swordfish (Xiphias gladius; Alvarado-Bremer et al., 2005); yellowfin tuna (Thunnus albacares; 
Ely et al., 2005) and albacore (Thunnus alalunga; Viñas et al., 2004). The separation of the 
South African and the South Pacific populations was also seen for the sequence data results 
(Chapter 3) and dating analysis (200 000 - 300 000 years ago); suggesting that the Pleistocene 
climatic events played an important role in the divergence of these two clades.    
 
4.4.2 Lack of population structure in the southern Pacific 
The genetic homogeneity in the southern Pacific can be attributed to the high dispersal potential 
of S. lalandi. Several marine studies show this lack of genetic variation and high dispersal in the 
southern Pacific (e.g. the Topshell genera Diloma, Melagraphia, and Austrocochlea; Donald et 
al., 2005; the Chilean jack mackerel, Trachurus murphy;, Cárdenas et al., 2009), whereas some 
species show population differentiation between Australia / New Zealand populations and South 
America populations (Bryde’s whales, Balaenoptera brydei; Kanda et al., 2007; Austral hake, 
Merluccius australis; Machado-Schiaffino et al., 2009). Passive dispersal by rafting on floating 
kelps has been put forth to explain the lack of genetic structure. Within the southern Pacific the 
high abundance of floating kelp rafts might contribute to passive dispersal (Smith, 2002; Nikula 
et al., 2012). Juveniles of several Seriola species are associated with drifting seaweeds, including 
S. dumerili (Ochiai and Tanaka, 1986) and S. quinqueradiata (Sakakura and Tsukarnoto, 1996); 
however this association has not been observed for S. lalandi (Ochiai and Tanaka, 1986). Thus 
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active migration of adults might be a more probable reason for the lack of genetic variation in the 
southern Pacific. Although S. lalandi prefer the deeper waters along the coast, this species does 
not venture further than the continental shelf. However within the South Pacific, several islands 
(such as the Polynesian islands) are found that may facilitate island-hopping between New 
Zealand and Chile (Reid, 2002). This species has been recorded at most of the Polynesian islands 
that are in the temperate water zone, and it has even been observed along the coast of the isolated 
Easter Island. The species might utilise such islands as resting stops during dispersal; thus 
explaining the low genetic differentiation. Another plausible explanation for the lack of genetic 
structure is a recent expansion event after the last glacial maxima (26 500 - 20 00 years ago; 
Coyer et al., 2001; Fraser et al., 2009). Thus S. lalandi populations could have recently become 
isolated within one region in the South Pacific during the last glacial maxima and then 
recolonised other areas of the South Pacific. A similar lack of genetic structure across the 
southern Pacific Ocean was also observed in another pelagic carangid species; the Chilean jack 
mackerel (Trachurus murphyi; Cárdenas et al., 2009), which was attributed to a recent 
colonisation of eastern populations (South America) to the west (New Zealand). 
 
4.4.3 Origin of the genetic structure along the South African coastline 
The results of this study suggest that there are potentially two genetically differentiated 
populations of S. lalandi in South Africa. Although the differentiation is shallow, the hypothesis 
of a single panmictic population across the South African coast can be rejected (AMOVA, FCA, 
FST). This can be explained by more than one potential scenario. The first scenario for the 
existence of two populations is that one population / group could have evolved elsewhere and 
subsequently spread to South Africa. A similar situation exists within most tuna and billfish 
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species, where secondary contact can be found along the South African coast between Indo-
Pacific and Atlantic populations (Alvarado-Bremer et al., 1998; Graves and McDowell, 2003). 
However the fact that mtDNA analyses (Chapter 3) do not detect these two groups suggests that 
these groups represent a recent divergence that probably had its origin along the South African 
coast. This leads to a second potential scenario on how these two groups could have diverged. 
Seriola lalandi is a relatively recent, evolutionary speaking, occupant of the South African coast 
(± 220 000 - 290 000 years, chapter 3). Within this time period several climatic and 
oceanographic changes could have played a major role in the origin of these two S. lalandi 
populations, such as sea level changes (Yokoyama et al. 2000; Miller et al., 2005), latitudinal 
shifts in water temperature (Cutler et al., 2003; Bard and Rickaby, 2009), and changes in coastal 
topography and currents (Flores et al., 1999). One such an event occurred 41 000 and 25 000 
years ago, with the increase of sea surface temperature prior to the last glacial maximum (Sachs 
et al., 2001). As previously mentioned, S. lalandi and even the genus Seriola are very sensitive 
to changes in sea temperature, and this may have caused a decline in populations and shift in 
suitable habitat. Furthermore, the reduction in upwellings in the Benguela Current as the result of 
introgression of this warmer water dramatically decreased productivity in the region. This in 
return could have influenced S. lalandi populations indirectly by causing significant population 
reductions of its main food sources, such as sardines (Boyd et al., 1997). In addition to this, 
during the glacial maximum sea levels were approximately 120m lower than today; thus raising 
the Agulhas Bank and further reducing the availability of suitable habitat. Although this 
represents a single example of how glacial and interglacial periods influenced the South African 
coastline, this pattern would have repeated itself to some degree during the last 200 000 years 
since this species inhabited this region. A combination of possible lower temperatures during 
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glacial periods and lower sea levels could have resulted in unsuitable habitats thereby giving rise 
to isolated refugia between the west- and  south coast of South Africa. This is supported by 
several studies that have found genetic structure between species from the west- and south coast 
of South Africa (Evans et al., 2004; Norton, 2005; Teske et al., 2006, 2007; von der Heyden et 
al., 2008; Bester-van der Merwe et al., 2011). 
 
4.4.4 Maintenance of genetic structure along South African coastline 
Irrespective of the origin of these two groups, it is imperative to understand how the genetic 
integrity of these two groups is maintained. The AMOVA, FCA and FST results suggest that 
populations from the west coast (Yzerfontein and North Blinder) differ significantly from the 
Cape Point, Struis Bay and Port Elizabeth samples (south coast), suggesting the genetic break 
may be in the Cape Point region (BARRIER). However Bayesian clustering analysis 
(STRUCTURE) and the migration results (MIGRATE and BAYESASS) also suggest a high 
degree of gene flow between the regions.  
 
The Cape Point region was previously identified as an important genetic break in a number of 
studies, for example the brown mussel (Perna perna; Grant et al., 1992) and bluntnose klipfish 
(Clinus cottoides; von der Heyden et al., 2008). The Cape Agulhas region has also been 
identified as a potential break for several marine species; for example abalone, Haliotis midae 
(Evans et al., 2004; Bester-van der Merwe et al., 2011), bluntnose klipfish (von der Heyden et 
al., 2008), and mudprawn, Palaemon peringueyi (Teske et al., 2009). In the current study, 
however, no population differentiation was found between the samples of Cape Point and Struis 
Bay; sampling localities on either side of the Agulhas break. The region between Knysna and 
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Port Elizabeth / Port Alfred along the southeast coast is another important boundary for gene 
flow as seen in similar studies of Clinus cottoides (von der Heyden et al., 2008), the crustacean, 
Iphinoe truncata (Teske et al., 2006) and round herring, Gilchristella aestuaria (Norton, 2005). 
This region also did not play a role in population differentiation in S. lalandi in the current study 
as samples from Struis Bay did not differ genetically from those of Port Elizabeth. The only 
genetic break therefore identified for S. lalandi in this study is the region around Cape Point. It is 
important to note that most of the above mentioned species are, however, either found in rock 
pools or in estuaries; therefore species with limited dispersal capabilities. Linefish species 
(kingklip, Genypterus capensis; Grant and Leslie, 2001; spotted grunter, Pomadasys 
commersonnii; Klopper, 2005; dusky kob, Argyrosomus japonicus; Klopper, 2005; Cape 
stumpnose, Rhabdosargus holubi; Oosthuizen, 2007; Cape hake, Merluccius capensis; von der 
Heyden et al., 2007) or species with a longer larval cycle (Octopus vulgaris; Oosthuizen et al., 
2004; spiny lobster, Palinurus gilchristi; Tolley et al., 2005; west coast rock lobster, Jasus 
lalandi; Matthee et al., 2007), on the other hand, usually show no genetic discontinuity along the 
South African coast. Even though a species such as Jasus lalandi (Matthee et al., 2007) showed 
no overall phylogeographic structure, significant structure was found between Hout Bay 
individuals and some other sampling sites (Dassen Island, Olifantsbos, Elands Bay, Lüderitz and 
Hangklip); providing further evidence of the influence of the Cape Point region on gene flow. 
 
Oceanic barriers are not the only force driving the separation of these two groups in Seriola 
lalandi, because high gene flow was found throughout its geographical range (MIGRATE, 
BAYESASS and STRUCTURE).  This is supported by tagging studies that found movement 
from the west- to the east coast (ORI 2012). For example a juvenile (775mm fin length) travelled 
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a distance of 1 746km in just 30 days from Dassen Island on the west coast where it was first 
caught to Stiebel Rocks just south of Hibberdene on the KwaZulu-Natal south coast (ORI 2012). 
Therefore the life history of yellowtail should be considered to understand how separation of 
these two potential groupings is sustained. Several life history traits may explain these 
groupings, for instance these groups may have different spawning areas or larvae can only 
survive in certain oceanic conditions (e.g. water temperature, salinity, and pH). In marine species 
natal philopatry, the return of individuals to spawning areas where they originated from, is quite 
common. Several studies have found philopatry in marine teleosts (red drum, Sciaenops 
ocellatus; Gold et al., 1999; Atlantic cod, Robichaud and Rose, 2001; cutthroat trout, 
Oncorhynchus clarkia; Wenburg and Bentzen, 2001; shark species, Hueter et al., 2005). For 
example, in M. paradoxus significant genetic differentiation was found between Namibia and 
South Africa for adult individuals older than three years but not in juveniles (von der Heyden et 
al., 2007). Furthermore, several fish species in South African waters have evolved highly 
selective reproductive patterns due to the complex dynamics of the coastline. Four important 
areas, consisting of spawning sites, mechanisms for transport of larvae and nursery grounds, 
have been identified along the South African coast for a variety of pelagic, demersal and inshore-
dwelling fish species: (1) the northern boundary of the Natal Bight; (2) off Port Elizabeth, where 
the Agulhas Current diverges from the coast; (3) off the tip of the Agulhas Bank, where the 
current diverges from the continental shelf and retroflects; (4) off Cape Columbine on the west 
coast, where the jet current appears to bifurcate (Hutching et al., 2002).  For instance, snoek 
(Thyrsites atun), which in some respects has a life history quite similar to S. lalandi has two 
spawning areas, one at the edge of the Agulhas Bank and one off Cape Columbine (Hutching et 
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al., 2002). Seriola lalandi, may utilise the same spawning sites, which can explain the pattern 
found in this study, however research is needed to test this. 
 
While this is the first study to investigate the genetic structure of S. lalandi populations along the 
South African coast, the results obtained were only based on six microsatellite markers. These 
markers were obtained by cross-species amplification of 30 markers designed for S. dumerili 
(Renshaw et al., 2006, 2007; Porta et al., 2009). Therefore these markers were not specifically 
designed for S. lalandi which might have contributed to the low resolving power. Of the 30 
microsatellites tested only these six microsatellite markers could be used for genotyping. Four of 
the markers used in the current study were also used in a study by Miller et al. (2011) to resolve 
the population structure in Australia and New Zealand. The levels of genetic diversities 
characterised in the current study are comparable to those observed by Miller et al. (2011). 
 
In conclusion, S. lalandi in the southern hemisphere comprise of two distinct oceanic populations 
in the South Pacific and South Africa, with low levels of gene flow. Furthermore, two genetically 
distinct groupings are found within South African, with Cape Point being a barrier to gene flow.  
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Appendix H: Allele frequency bar charts for each microsatellite 
locus 
 
Fig. H1: Allele frequencies for Locus Sdu10 
 



















































Fig. H3: Allele frequencies for Locus Sdu29 
 



















































































































































































































Fig. H5: Allele frequencies for Locus Sdu46 
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Appendix I: Likelihood plots generated by MIGRATE 
 
 
Fig. I1: The likelihood plots for M from Yzerfontein to Noord Blinder 
 
 
Fig. I2: The likelihood plots for M from Noord Blinder to Yzerfontein 
 
 
Fig. I3: The likelihood plots for M from Cape Point to Yzerfontein 




Fig. I4: The likelihood plots for M from Yzerfontein to Cape Point 
 
 
Fig. I5: The likelihood plots for M from Struis Bay to Cape Point 
 
 
Fig. I6: The likelihood plots for M from Cape Point to Struis Bay 
 




Fig. I7: The likelihood plots for M from Port Elizabeth to Struis Bay 
 
 
Fig. I8: The likelihood plots for M from Struis Bay to Port Elizabeth 
 
Fig. I9: The likelihood plots for M from South Africa to South Pacific 




Fig. I10: The likelihood plots for M from South Pacific to South Africa 
 
Fig. I11: The likelihood plots for M from NZL to AUS 
 
Fig. I12: The likelihood plots for M from AUS to NZL 
 
Fig. I13: The likelihood plots for M from NZL to CH 




Fig. I14: The likelihood plots for M from CH to NZL 
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Chapter 5: General Conclusion 
5.1 Thesis summary 
The multidisciplinary approach of this study allowed for a better understanding of the macro- 
and micro-evolutionary trends within the genus Seriola and specifically the species S. lalandi, 
with valuable insight gained by the phylogenetic, phylogeographic, and population genetic 
analyses. 
 
On a macro-evolutionary scale, phylogenetic analyses including representatives of all nine 
species of this globally distributed genus increased our understanding of the speciation and 
biogeography of Seriola, by generating a molecular phylogeny based on two mitochondrial (Cytb 
and COI) and two nuclear genes (RAG1 and Rhod; presented in Chapter 2). This was, to our 
knowledge, the first phylogenetic analysis of this genus to investigate relationships among all 
known extant species. Although the sequence data used in this study did not fully resolve 
phylogenetic relationships within the genus, important evolutionary patterns could be identified. 
All species were found to be monophyletic and the species’ relationships obtained during the 
current study have been essential in clarifying some of the taxonomic confusion of this genus. 
The phylogenetic patterns obtained were indicative of three main lineages: a ((S. fasciata and S. 
peruana), S. carpenteri) clade, a (S. dumerili and S. rivoliana) clade and a (S. lalandi and S. 
quinqueradiata) clade.  In terms of biogeography, closure of the Tethys Sea (12 - 20 MYA) 
coincides with divergence of the ((S. fasciata and S. peruana), S. carpenteri) clade from the rest 
of the Seriola species; while the uplifting of the Isthmus of Panama (± 3 MYA) played an 
important role in speciation between S. fasciata and S. peruana. In the evolutionary history of the 
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remainder of the Seriola species, climate and water temperature are proposed to have played 
important roles.   
 
With regards to the micro-evolutionary scale, phylogeographic analyses based on two 
mitochondrial (Cytb and COI) and one nuclear gene (RAG1) (Chapter 3) provided a more 
thorough investigation into the global population structure of one of the Seriola species, S. 
lalandi; the main commercial carangid in South Africa. This study is the first to include samples 
from across the global distribution of S. lalandi and the results revealed three geographically and 
genetically distinct groups corresponding to the previously identified subspecies: North-eastern 
Pacific clade - S. lalandi dorsalis (California yellowtail; Gill, 1863), North-western Pacific clade 
- S. lalandi aureovittata (Asian yellowtail; Schlegel, 1844) and southern hemisphere clade - S. 
lalandi lalandi (Southern yellowtail; Cuvier and Valenciennes, 1833). Rapid demographic 
growth characterised many of the populations (supported by a star-like mtDNA genealogy in the 
haplotype networks, Tajima’s D and Fu’s Fs statistics and the mismatch distribution analyses) 
and can be explained by population expansion and retraction events during Pleistocene glaciation 
periods. Furthermore, the two groups recovered within the southern hemisphere (South Africa 
and southern Pacific), are well-defined by population differentiation analyses (FST and AMOVA) 
but less distinct in the phylogenetic- and network analysis. 
 
Population genetic analyses based on six microsatellite markers revealed the fine-scale 
population structure of S. lalandi within the southern hemisphere and South Africa specifically 
(Chapter 4). This is also the first study to investigate the population structure of this 
commercially important species in South Africa. In Chapter 4 the main findings were: 1) South 
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African populations are genetically distinct from those of the South Pacific ocean (AMOVA, 
FCA and STRUCTURE results). 2) High gene flow occurs within the South Pacific (AMOVA 
and MIGRATE results). 3) Potentially two groups are found within the South African samples. 
AMOVA, FCA and pairwise FST results suggest significant differentiation between populations 
from the west- and  south coast of South Africa; suggesting a potential genetic break in the Cape 
Point region (BARRIER analysis). However, STRUCTURE and the migration results 
(MIGRATE and BAYESASS) also suggest a high degree of gene flow between these regions. 
 
5.2 Future research directions 
While this is the first study to address some important questions on the phylogeny of Seriola and 
the phylogeography and population structure of the commercially important species S. lalandi, 
the findings of this thesis, as in any scientific investigation, have given rise to further research 
questions. 
 
5.2.1 What is the relationship among the three main clades found in Seriola with regards to 
each other and the remaining two Seriola species (S. zonata and S. hippos)?  
While three main lineages were found in the phylogeny of Seriola, the relationships between 
these clades / groups remain unclear and so does the placement of S. zonata and S. hippos. Thus, 
the robustness of the phylogenetic study presented in Chapter 2 may be questioned. Since Seriola 
is a relative old genus (55 MYA) with many extinct taxa and only a few extant species (nine), 
resolving the inner nodes proved to be problematic. Additional nuclear DNA fragments (such as 
ITS1, ITS2), may serve to resolve the deeper nodes of the phylogenetic tree. Nuclear genes are 
particularly suited to resolve deeper nodes in phylogenetic analysis (Nazari et al., 2007). In most 
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species, nuclear DNA fragments have a slower mutation rate than mtDNA, providing estimates 
of genetic divergence over longer evolutionary timescales (Wilson et al., 1985; Ferris and Berg, 
1987; Birky et al., 1989; Meyer, 1993; Shaklee and Bentzen, 1998; Waples, 1998).  
 
The inclusion of taxonomically closer related species from the tribe Naucratini as outgroup taxa 
may further clarify the relationship among Seriola species. The tribe Naucratini consist of the 
genus Seriola and the monotypic genus Elagatis. The outgroups used in the current study were 
from the sister tribe Carangini. Furthermore, more insight on the life histories, morphology and 
habitat preference of all extant species is needed to provide deeper insight on their evolutionary 
history and ecological interactions.  
 
5.2.2 Do the three S. lalandi clades resemble putative subspecies or three separate species? 
The three geographical clades generated in Chapter 3 correspond to the previously described S. 
lalandi subspecies. Traditionally subspecies status is usually given to a group of organisms that 
are geographically distinct from others within the species, but are still capable of interbreeding 
with members of the same species; as is the case with the recognised S. lalandi subspecies. The 
genetic distinctness of the three clades / subspecies may call for the elevation of these subspecies 
to distinct species status. However, detailed comparative morphology and ecological studies are 
needed to further evaluate their taxonomic status. Regardless of their taxonomic status these 
three grouping can be treated as different stocks. 
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5.2.3 How does the west coast S. lalandi population differ from those along the rest of the 
South African coast?  
Even though based on frequentist statistics obtained in Chapter 4 (AMOVA, FCA, pairwise FST), 
the west coast population seemed to be potentially distinct from the rest of the South African 
populations, Bayesian clustering implemented in STRUCTURE revealed a high level of 
admixture along the South African coast. While this is the first study to give insight into the 
genetic structure of S. lalandi populations along the South African coast, the results obtained 
were only based on six microsatellite markers. These markers were obtained by cross-species 
amplification of markers designed for S. dumerili (Renshaw et al., 2006, 2007; Porta et al., 2009) 
and thus not specific for S. lalandi which might have contributed to the low resolving power. To 
infer fine-scale population structure, a larger number of microsatellite markers or even single 
nucleotide polymorphism (SNP) data are usually needed. Of the 30 microsatellites tested for 
cross-species amplification in the current study, only the mentioned six microsatellite markers 
could be used for genotyping. Thus cross-species marker transferability has proven less than 
optimal and as no SNP markers are yet available for S. lalandi, additional marker development 
specific for S. lalandi is required. In a recent study by Whatmore et al. (2013) on the genetic 
parameters for some economically important traits in S. lalandi in Australia , six microsatellites 
were developed specifically for this species and may be useful for future population studies.  
 
Additional sampling areas along the coast of KwaZulu-Natal and the west coast up to and 
including Namibia are also needed to fully explore the population structure across the entire 
South African distribution range of this species. By expanding the spatial scope of this study a 
more thorough assessment of biogeographic barriers can be done. Furthermore, investigations 
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into the social and reproductive behaviour of S. lalandi will further help to address questions on 
its population structure. For instance, do some individuals show preference to certain spawning 
sites (philopatry) or do some individuals spawn at different times during the year. Both these 
behaviours can influence the population structure of S. lalandi along the South African coast. 
 
5.3 Implications for the management and conservation of Seriola lalandi globally and in 
particular in South Africa 
For the management and conservation of species, two concepts, evolutionary significant units 
(ESU) and management units (MU), are considered important indicators. ESUs are groups of 
organisms that have been isolated for a sufficient period of time to become genetically distinct 
from conspecific groups and are genetically identified as having monophyletic mtDNA lineages 
(Ryder, 1986; Moritz, 1994). On the other hand, MUs are groups in which local population 
dynamics are determined predominantly by birth- and death rates rather than migration (Moritz 
et al., 1995) and can be identified as populations with significant differences in allele distribution 
(Moritz, 1994). Under these criteria the three main S. lalandi groupings (North-eastern Pacific 
clade, North-western Pacific clade and southern hemisphere clade) can be classified as three 
individual ESUs, while within the southern hemisphere clade the southern Pacific- and South 
African population can be treated as different MUs. 
 
The findings of this study are of great importance to the fisheries and aquaculture industry of S. 
lalandi in South Africa. Information on the levels of genetic differences between biogeographic 
areas or provinces in South Africa (as described in Chapter 4) are vital in constructing 
management, conservation and recovery programs. By uncovering the pattern and extent of the 
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genetic structure present in the wild populations, one can identify which populations possibly 
have unique genetic compositions. These populations can be seen as individual genetic stocks 
and it is important to manage and conserve unique genetic stocks separately. Until now 
government authorities and commercial fisheries in South Africa have treated S. lalandi as a 
single reproductive stock. However, the current study revealed that there are potentially two 
genetically distinct ‘stocks’; the west coast north of Yzerfontein differs significantly from stocks 
from the rest of South Africa. According to literature, populations with significant genetic 
differentiation can usually be recognised as separate MUs (Carvalho and Hauser, 1994; Moritz, 
1994). It is therefore recommended that, although the genetic differentiation between the west- 
and south coast of South African S. lalandi is subtle, these populations / regions should be 
considered separately in terms of management. 
 
Aquaculture with yellowtail is still in the development and planning stage. A marine hatchery 
has been established in Gansbaai near Cape Agulhas to produce yellowtail fingerlings 
(Hutchings et al., 2010). Furthermore, a pilot study on sea-cage farming of yellowtail at Port 
Elizabeth was a great success (DST, 2011). Several areas along the west- (Saldanha Bay; 
WCADI, 2012), south- (Mossel Bay; Hutchings et al., 2010; WCADI, 2012) and east (Port 
Elizabeth and Algoa Bay; Bloom and van Zyl, 2012) coast of South Africa have been proposed 
for aquaculture of S. lalandi. Results of the current study could be informative in the selection 
and management of the broodstock in these aquaculture programs. The broodstock must be 
selected from the area where the farm is located. The high genetic variability that occurs in the 
wild populations could assist in producing high quality broodstock. Furthermore, the application 
of microsatellite markers (such as the six which was utilised in the current study) has allowed 
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rapid progress in studies of genetic variability, inbreeding, parentage assignments, species- and 
strain identification, and the construction of high-resolution linkage maps for aquaculture 
species. These genetic markers could also identify genes involved in quantitative trait loci (QTL) 
for marker-assisted selection (Lui and Cordes, 2004). For instance, Whatmore et al. (2013) used 
10 microsatellite markers to investigate the genetic parameters for economically important traits 
in South Australian S. lalandi, and found that the selection for high growth rate would result in 
increase in fillet weight. Therefore by using genetic markers and -principles in the management 
of aquaculture programs, commercial output and sustainability can be improved. 
 
From 2008, a large quantity of very small yellowtail began appearing in seafood retail stores and 
restaurants in the Western Cape. Retailers were told that it was caught as by-catch off the coast 
of Namibia. However, after an investigation the Southern African Sustainable Seafood Initiative 
(SASSI) raised the suspicion that these fish products may have been imported from aquaculture 
farms in Asia, probably Japan (SASSI, 2008). However, given the fact that there is no minimum 
legal size limit for S. lalandi in South Africa, the uncertainty of the origin of the product still 
remains. The results from the current study could potentially also assist to resolve this seafood 
fraud issue. There are distinct genetic difference between S. lalandi populations from South 
Africa and those of Japan and by employing the molecular markers and analyses described in 
Chapter 3, the origin of these products can be traced. In genetic studies on fish products in the 
South African market, evidence was found that several products were mislabelled and substituted 
for other fish species (von der Heyden et al., 2010; Cawthorn et al., 2012). For instance, some of 
the samples labelled Dorado (Coryphaena hippurus) were in fact S. lalandi. Furthermore, some 
of the kingklip (Genypterus capensis) fillets sold on the South African marked come from New 
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Zealand (von der Heyden et al., 2010). More noteworthy, the study by Cawthorn et al. (2012) on 
fishery product mislabelling in the South African market found that five of nine retail outlets 
sold products labelled as yellowtail that were in fact Seriola quinqueradiata (Japanese 
amberjack). Thus the findings of this current study can help in identification of the region of 
origin and the species of marketed yellowtail products in the South African market. 
 
In conclusion, this study is the first to explore the evolutionary history of the genus Seriola and is 
also the first large-scale genetic study of the important commercial species, S. lalandi, not only 
in southern Africa, but also globally. This study has provided essential genetic knowledge in 
terms of genetic stock structure of this species as well as identifying possible management units 
to preserve the genetic diversity of this economically important fisheries species. 
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